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Abstract

Cartilage which lines joint surfaces to allow nefaictionless movementjacks the ability d
adequately repair itself and there are currently no effective, diseasdifying drugs to halt or
repair the damage. Development of powerfun vitro models to investigate gene expression
changes during osteoarthritis and chondrogenesis is key in uratetistg how the disease develops

and how cartilage might attempt to repair itself.

In this thesis, an enhanced model of chondrogenesis of the murine ATDC5 chondroprogenitor cell
line was developedvith cells cultured in micromas$Results revealed not ongn increase in
chondrogenesis markers, but markers of growth plate differentigtioeluding type X collagen,
were either restricted or repressed, whilst expression of genes rich in articular cartilage were up
regulated. This suggests that the enhance®&% model is more reminiscent of articular cartilage,

making this model suitable for investigations into osteoarthriisdisease of articular cartilage.

The role of WNT5A signalling was then investigated (whichiisgydated in osteoarthritic cartilag
in a diseasdike context by stimulating cultures with cytokines. Microarray analysis unearthed
interesting and novel resultdncludinga decrease in WNT5A signalling andexpression of
members of the CCN famili?athway analysis allowed further eagdtion of the interrelationship
between cytokine and WNT signalling. Sazhanges igeneexpression wereeminiscent of those

observed previously im vivomodels ofearly osteoarthritis.

Finally, migration studies revealed that ronduced undiffereniated ATDCS5 cells have a migratory
phenotype reminiscent of chondroprogenitor cells, which have the capacity to migrate to sites of
cartilage injuryin viva A novel model of cartilage invasion was also developed, with results

suggesting WNT5A may be a @atial inducer of chondroprogenitor invasion.

Together, this thesis shows that the ATDC5 model is a good model for investigating articular

cartilage both in a physiological and pathological setting.
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Chapter 1

Introduction



1.1 Introduction to cartilage

Cartilage is a connective tissue found in various locations around the body, including the ear, nose,
articulated joints and interveebral discs, comprising primarily of collagens and proteoglycans. It is
classified into three main types: hyaline cartilage, elastic cartilage and fibrocartilage, with each type
exhibiting unique properties. Hyaline cartilage is the most prominent foroadflage in the body,
forming the framework of the embryonic skeleton to be largely replaced by bone in a process called
endochondral ossification. As a result, hyaline cartilage is left lining the surfaces of bones in
articulating joints, and thus is lbed articular cartilage. The main collagen in hyaline cartilage is type

Il collagen. This is also true for elastic cartilage, which is histologically similar to hyaline cartilage,
but in addition, also contains elastin fibres, which can be seen by lighoseopy(Horton, 1993
Worster, et al, 200]). This is the most flexible type of cartilage and is found in areas such as the
ears and nose. Finally fibrocartilage is the most rigid cartilage and is located in the intervertebral
discs. Unlike hyaline cartilage and elastiatilage, the main collagens in fibrocartilage are type |

collagen with a small proportion of type Il collag&yre & Wu, 19833

1.1.1 Articular Cartilage

Articular cartilage is hyaline cartilage that lines the surfaces of articulated joints (Figure 1.1) that
resists déormation, aiding distribution of load and protecting the underlying b¢Backwalter &
Mankin, 1997Hendren & Beeson, 2009t is comprised primarily of an extracellular matrix (ECM)
containing type Il collagen; the large aggregating proteoglycan, aggrecan; and wasealso
sparsely populated by chondrocytes, which constitute less than 5% of the cartilage @laaie

et al, 2009. The remainder of the cartilage is inhabited by the extensive ECM. It is the combined
properties of the constituents of the matrix, as well as the synovial fluid that fills the joint cavity,

that allow neafrfrictionless movementf articulated joints in healthy individuafg/u, et al, 2010.
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Figure 1.1 Anatomy of an articulated jointSimplifieddiagrammatic view of an articulated fui

showing a layer of articular cartilage lining the surfacestaib meeting bones Physical
interaction between the bones is prevented by the lining cartilage and all@asfrictionless

movement in healthy individuals, resisting deformation due to begatoad via the distribution
of the load across the joint, protecting the underlying boReproduced fronfMaen, 2010

1.1.2 Type Il Collagen

Collagen is an abundant protein in the body, forming one third of the total protein in humans.
Conservation of collagen proteins has been observed across phyla from simple organisms such a
sponges, to complex animals such as vertebr@@eotHandford & Tuckwell, 200Znd has been
reported to be discovered in a 65 million year digrannosaurus refossil(Shoulders & Raines,
2009. This high conservation and abundance clearly demonstrates the inmoeriaf the collagen

proteins.




Type Il collagen is a classidald NA £ £  NJ O2f f  3Sy > gKAOK O2yaAal
that wrap around each other to form the characteristic triple helix. The various types of collagens
O2yiGlAy SAGKSNI I YAEGdZNBE 2F RATFFSNBY Ehaims OK|
OK2Y2OUNRYSNLE gAdGK (el LL O2ftfl 3Sy (Bhdudgrd |
& Raines, 2009 These chains contain the typie@lly-X-Y- triple repeat domain, where X is typically
proline and Y is typically hydroxyproliflfRamachandran, 1936The repeat of glycine, due to its
small size, ateverythidB a A RdzS Syl of Sa G(KS h OKIFIAya G2 Gé
each other to form the triple helix. This structure is stabilised by hydroxyproline, forming hydrogen

bonds along the heli¢(Cremer et al, 1998 Boot-Handford & Tuckwell, 2003

/2t 3Sy A& FTANRG aeéyidiKSaAaSR -translatidnal fnodiicatiah NI
in the rough endoplasmic reticulum (RER). Once translocatedhatendoplasmic reticulum lumen,

the carboxy terminalno®2 t € | 3Sy2dza 6b/ m0 R2YIFAY F2fRa |y
GAGK 6KAOK (2 UGNARYSNRAS gAGKYT ydzOf SFadAy3a |
trimer in a GN direction. Br fibrillar collagens, this procollagen remains soluble due to the soluble

C and N terminal domains. Once secreted and these prodomains cleaved, the insoluble collagenous
domain containing theGly-X-Y- repeat aggregates and overlaps, with lysyl oxidadalgsing cross

links to stabilise the fibrilBootHandford & Tuckwell, 200@-igure 1.2). Many of these collagen
fibrils then associate to form a collagen fibre. This organised structure is what gives collagen its

propetties, providing strength and resistance to stretching forces.
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Figure 1.2 Collagen fibril synthesist KNES G NIF yaf | 4§ SR h -tériidaliand:
zips along the chains in aNCdirection, forming a triple helix. Once secreted from the cell,
Gterminal and Nterminal domains are cleaved and the individual collagen proteins asso
together in a staggered formation. Crelésks are then catalysed by lysyl oxidase to fo
collagen fibrils. Figure adapted fraill (2009)




1.1.3 Aggrecan

Aggrecan is a large proteoglycan and is another important constituent of cartilage, providing the
cartilage with resistance to compressive for@daung & Wu, 2008lts core protein corgins three
globular domains, termed G1, G2 and G3, rich in cysteine. The G1 and G2 domains are separate
by an interglobular domain (IGD); and G2 and G3 are separated by a long glycosaminoglycan (GAG
attachment region, consisting of three domains, ongvbfch covalently links keratan sulphate (KS)

and two (CS1 and CS2) that link chondroitin sulphate (CS) @Raunghley, 20022006 (Figure 1.3).

As its name suggests, aggrecan aggregatescogalently ond a central filament of hyaluronan
(HA) via a link protein in complex with G1, forming a ternary complex between the three
components, with up to 100 aggrecan molecules radiating from thegN#gelin, et al, 1988
Dudhia, 2005Roughley, 2006 The size of this complex traps aggrecan in the type Il collagen
framework in articular cartilage. However, aggrecan is rarely found in its whole form in cartilage,
being subject to proteolytic processing of the core protein. This results in aggregation typically of

Gl-containing fragments within the collagen mat(iRougtey, 2008.

The essential function of aggrecan in cartilage comes from the attachment of -G&Gatively
charged linear polysaccharides, KS and CS, forming a bottlebrush structure (Figure 1.3). In the
presence of HA, many aggrecan monomers aggregajetber along the HA core to form a
bottlebrush superstructure. This creates a high charge density, resulting in a high degree of
hydration and thus forming an osmotically active complex. This retention of water enables near
frictionless movement in an adillated joint, forming a hydrated géke structure. This osmotically
active gellike structure provides osmotic resistance to deswelling under compressive forces, and
the collagen network provides resistance against swelling pressures. Aggrecan theltdus
reversible deformation of cartilage due to compressive forces, allowing the articulated joints to
bear and distribute load, providing cartilage with one of its most important functiboshia, 2005

Horkay et al, 2008.
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Figure 1.3¢ Structure of AggrecanAggrecan cosists of a large core protein split into thre
main globular domains, G1, G2 and G3. Between G2 and G3 lies a keratan sulphate (KS
and two chondroitin sulphate domains (CS1 and CS2) which bind their resp
glycosaminoglycans (GAGS). It is bireding of these GAGs which gives aggrecan its impor
property in cartilage to resist compressive forces. These negativelsged side chains create
high charge density, resulting in the retention of water, creating dikelstructure, enabling
the joint to bear and distribute load. Figureproduced ancdapted from(Dudhia, 200%h

1.1.4 Chondrocytes and Chondrogenesis

Articular cartilage is an avascular, aneural andnalyatic connective tissue, and as such, was
previously thought to be sparsely inhabited by just one cell type known as chondrocytes, which are
responsible for the production, secretion and regulation of the cartilage m@owle, 199Y. It is

now known that chondroprogenitor cells are also resident within cartildgewthwaite et al,

2004), discussed later. This matrix also has an important rotegulating chondrocytic functions,

with the function of the chondrocyte being dependent on its locatiarcher & FrancisVest, 2003.

Chondrocytes are derived from precursor cells known as mesenchymal stem cells (MSCs) in &
process known as chondrogenesis, which, developmentally, occurs during endodhondra
ossification. This is the process of converting the hyaline collagen anlagen into the skeleton. During
the first step, mesenchyme aggregates and condenses, regulated by bone morphogenetic proteins
(BMPs). During this process, the MSCs express the nwgtedrogenesis transcription factor, sex
determining region Y box 9 (SOX9), a primary determinant of chondrogenesis. As these cells
differentiate into chondrocytes, various components of the extensive cartilage ECM are laid down,

such as type Il collageme aggrecan.




Most chondrocytes then undergo hypertrophy, withdraw from the cell cycle and subsequently
commit themselves to apoptosis, allowing the space previously occupied by them to be replaced
by bone and vascular architecture following the productasrvascular endothelial growth factor
(VEGF) by both hypertrophic chondrocytes and more terminal hypertrophic chondr¢Zytssk

et al, 2008. However, hondrocytes at the distal ends of long bones proliferate and synthesize
new cartilage which is substituted by bone by the approaching ossification front. Higher hydrostatic
pressure at the joint surface slows the growth of cartilage and the ossificatiom tabilizes,
defining the thickness of the articular cartilage that now lines the surface of the newly formed bone

(Carter, et al, 2004).

Chondrocytes in articular cartilage are maintained in four distinct areas: the superficial zone, the
intermediate zone, the radial zone and the zone of calcified cartilage. As previously mentioned, the
function of chondrocytes depends on its locatidn the superficial zone, there are2llayers of
flattened chondrocytes expressing a variety of genes, including proteogly¢aR@4@lso known

as lubricin),SOX9and type Il collagenQOL2AL Chondrocytes in the intermediate zone are
rounded and expmrss many of the same genes as in the superficial zone with the excepB&tGaf

In the radial zone, chondrocytes express markers of mature differentiation and hypertrophy, such

as type X collageilCOL10A)land alkaline phosphatasAl(P) (Zuscik et al, 200§ (Figure 1.4).
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Figure 1.4¢ Cellular zones of articular cartilagdiagram showing the different zones with
articular cartilage, highlighting the different gene expression of the chondrocytes shown in
zone. Figure modified frorduscik et al.(2008)




1.2 WNT Signalling

The WNT family of secreted glycoproteins, named after the discovery of the homologous
Drosophia wingless(Wg) and murinemouse mammary tumour virus integration sit€ldtl), and

its various pathways are well known for their role in developmental biology, with a variety of
functions, including axis formatiqZeng et al, 1997 Liu, et al, 1999 and cell fate determination
(Dorsky et al, 1998. Dysregulation of WNT signalling can have a number of effects, ranging from
formation of a secondary axis during developm@tng, et al, 1997, to tumourigenesigCaldwel)

et al, 2004 Gatcliffe et al, 2008.

WNT signaithg can be split into two broad pathwagshe canonical signalling pathway (also known
| &-catenindependent pathway) and the ned@ I y2 y A OF f LI (G K g | &-catérinf a 2
independent pathway).

1.2.1 Canonical WNT Pathway

The canonical WNT pathway itransduced by the Frizzled (FZD) family of seven pass
transmembrane receptors along with legensity lipoprotein receptor (LDRiglated protein
(LRP)5/§Tamaj etal, 20000 LYy GKS | 64aSy0S 2F | 2 b ¢catdnih I y |
present in the cytoplasm is continually mahorylated by glycogen synthase kinase 3 (GSK3) and
casein kinase 1 (CK1) as a complex with axin and adenomatosis polyposis coli (APC), common
02ttt SOUAPSE & NBEFTSNNBR (2 | a dréanSdudh3epdatobianing 2 v
protein ( -TrCP), an E3 ubiquitin ligase, marks it for ubiquitination and subsequent proteolysis by

the proteasome.

A canonical WNT ligand binding to FZD and LRP5/6 results in phosphorylation of LRP5/6 by CK1 ar
GSK3. GSK3 is recruited by #iacDonald et al, 2009 and phosphorylates LRP5/6 at a PPP(S/T)P
motif (Zeng et al, 2009, providing a docking site faxin, forming a positive feedback loop to
enhance the signal. Axin and dishevelled (DVL) associate and DVL binds to the activated FZL
l OUAGLFGA2Y 2F 5[ AYKAOAGA D{ Y oecateniyl Rat indtkazhit A y F
F 2 NJ R S 3 Ndatéhin is thényakbwed to stabilise in the cytoplasm where it can translocate to
the nucleus, associating with T egflecific/lymphoid enhancer binding factor (TCF/LEF), activating
gene transcription(Sethi & VidePuig, 2010Clark et al, 2012 Staines et al, 2012 Kim et al,

20139 (Figure 1.5)
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LRP5/6 LRPS5/6
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) ==
\\ ubiquitination \\
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proteolysis
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Figure 1.5 Canonical WNT Pathwaysimplified cartoon showing that in the absence of WI
i -catenin is phosphorylated by GSK3 and marked for degradation. In the presence of WI
GSK3 complex is disdodi SR | YR A Y KA 0 A-caterith foF deBradatiohl Wadlck:
subsequently stabilises in the cytoplasm and translocates to the nucleus where it can ac
transcription of WN¥responsive genes via TCF/LEF. Comprised using informatiorNirese
(2005) Sethi and VidePuig (201Q)Clark et al.(2012)andKim, et al.(2013c)

1.2.2 Norcanonical WNT Pathway

ThenorOl Y2y A OF f 2 b ¢ & kakyihifdépandent patbiwayKhad ndt been subject

to as extensive study as the canonical pathway, and can be further subdivided into more specific
pathways(Sethi & VidePuig, 2019 Broadly, this can be split into two main pathways, the caleium
dependent pathway (WNT/€3 and the planar cell polarity pathway (PCP).

In the WNT/C# pathway, WNT binding to FZD triggers an increase in cytoplasiite@s via
phospholipase C (PLC), which in turn activates effectors such*asa®aodulindependent kinase

[ (CAMKII), calcineurin and protein kinase C (PKC). Calcineurin activation may then also activate th:
transcription factor nuclear factor of actited FOStf f & 6bC! ¢0d t Y/ FyR /!
catenin signalling in the canonical WNT signalling pathiNahrs, 201X Figure 1.6).
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In the PCP pathwayVNT binding to FZD activates small GTPases such as RhoA and RAC1, which |
turn can activate RHO kinase (ROCK) ahd\-terminal kinase (JNK), leading to activation of-JNK
dependent transcription factors such as activating transcription factor 2 (ATR2hrs,
2012(Figure 1.6)

1.2.3 WNT5A/ROR2 Signalling
The WNT ligand WNT5A was traditionally thought to be agamonical WNT, although research
has showrthat WNT5A can activate the canonical WNT pathway via BiRdls & Nusse, 2006

and therefore its effects may be dependent on the receptors present.

Primarly, WNT5A is known to activate the roanonical WNT signalling pathway by binding to and
activating receptor tyrosine kinadike orphan receptor 2 (ROR2), a sing#ss transmembrane
receptor, which may work independently or in a complex with FZD twaetiJNKnediated
signalling(Oishij et al, 2003 Clark et al, 2012 Niehrs, 2012(Figure 1.6)

A. PCP Pathway B. Ca%* Pathway

ROR1/2 ROR1/2

N
R
\
\
NFAT ,—’ \ . o
\ actin polymerisation
|

WNT-responsive gene actin polymerisation

WNT-responsive gene

Figure 1.6¢ WNT5A Signalling PathwaySimplified carton of WNT5A signalling in the plani
cell polarity (PCP) pathway (A) and calcidependent pathway (G 62 OV ¥ Y A Ol
signalling pathways. A) In the PCP pathway, WNT5A acts via small GTPases to mediate
in the cytoskeleton and activate Bhnediated transcription factors. B) In the calciur
dependent pathway, WNT5Mediated increases in intracellular Taoncentrations may alsc
NBadg 6 Ay OKFy38a Ay GKS Ocabrisiyndling ia2PKC &
CAMKII. Gene expsion may also be modulated by NFAT transcription factor. Comprised
information from Niehrs (2012).
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Knockout mice of WNT5A and ROR2 phenotypically mimic each other, suggesting an intricate
relationship between ROR2 and WNT5A signalling. Both knockout mice die shortly after birth with
respiratory dysfunctin and also exhibit craniofacial defects such as cleft palate, limb shortening
and tail shorteningOishij et al, 2003 Schwabe et al, 2004 He, et al, 20089. Both WNT5A and
ROR2 have been implicated in Robinow syndrome, a disease that primarily results in a form of
dwarfism, with limb shortening and crarfio- OA ' f RSFTFSOGa 3IAGBAY I NRAS
FILOSQ RdzS (2 GKS &AYATL I NRGA §BrunestiRiank et alK2B; RS @ S
Beiraghj et al, 201J), due to lossof-function mutationgSchwabeet al, 2004 Person et al, 2010Q
Roifman et al, 2014 Tamhankaret al, 2014. Due to the similarities and the knm involvement

of ROR2Ror2- mice have been used to model Robinow SyndrgBehwabeet al, 2004.

Similar townt5a’- mice, mice overexpressiynt5aspedfically in cartilage (by driving expression
from to the Col2alpromoter), resulted in severe skeletal defects, including shortening of the
skeletal elements of the limb, despite an overall increase in cartilage thickness, and severe delay in
hypertrophicdifferentiation of chondrocytegyang et al, 2003. Overexpression M/nt5aresulted

in an increase in p130 expression with a decrease in cyclin D1 expressisimg an expansion of

zone | chondrocytes, which go on to form the articular cartilage, at the expense of zone Il
chondrocytes which undergo hypertrophy form the growth plate cartilage. In comparison,
chondrocytes fromwWnt5a’~ mice enter zone Il premately but are prevented from terminal

differentiation (Yang et al, 2003.

Similarly, the effect of WNT5A and its inhibition of hypertrophy has also beenisesgto in
micromass cultures (thredimensional culture, discussed in section 1.4.4) of immortalised mouse
limb bud cells via nuclear factor kapfpight-chainenhancer of activated B cells (NF.-dependent
inhibition of runtrelated transcription factor ZRunx2, the major transcription factor driving
hypertrophic differentiation. However, the effect of WNT5A on chondrocyte differentiation was
shown to be stage dependegntwhilst WNT5A inhibited hypertrophic differentiation at later stages
of chondrogenesi, WNT5A enhanced chondrogenesis at earlier stages via-dép&ndent
induction of SOX9, the master transcription factor driving early chondrogefirsidley & Drissi,

2010. This highlights the deep involvement of WNT5A in cartilage biology.

1.2.4 WNT signallirapd chondrocytes

In addition to WNT5A, a number of other WNT family members are known for their role in the

regulation of limb and skeletal development. Transfection WitNT1in the developing chick limb
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bud resulted in a truncated radius and ulna. Abnafities were also revealed by Alcian blue
staining (which stains the sulphated GAGs attached to proteoglycans) of the cartilaginous elements
in the beak when WNT1 was ectopically expressed in the craniofacial mesenchyme. Infection of
micromass cultures whit WNT1 virus, which ordinarily undergo chondrogenesis by the act of the
high density culture alone, failed to undergo chondrogenesis. The same result was also observed
with WNT7A(Rudnicki & Brown, 1997These results suggest that WNT1 and WNT7A both have

inhibitory eflects on chondrogenesis.

Misexpression of WNT3A in the developing chick limb bud resulted in ectopic expression of apical
ectodermal ridge (AER)ecific genes, a region that induces limb development, such asZBMP
known to induce chondrogeneqiKengakuet al, 1998. In a different micromass experiment in a
murine multipotent cell line (C3H10T1/2), results showed that treatment with M& induce
chondrogenesis increased levels Wint3a mMRNA during early stages of chondrogenesis and
decreased levels dVnt7a mRNA dung late stages of chondrogene¢i&schery et al, 20023, in
FINBSYSYyld 6A0GK wdzZRYAO]lA 9 . NRGYQa NBLEZNI OHJ
same group later found that overexpressiorvdht3awas insufficient to induce chondrogenesis in

the same cell line, requiring addition of BMPalthough overexpression #¥nt3amade the cells

more responsive to chondrogenesis induced by BMPischery et al, 2002h). Conversely, WNT3A

has also been shown to inhibit chondrogenesis in micromass cultures of chick limfHmatsy et

al., 2005, which can be restored by WNT inhibitory factor 1 (W{BLymannSchmitt et al, 2009

and has been shown to induce-déferentiation of articular chondrocytes from New Zealand white

rabbits(Hwang et al, 20095.

1.2.5 WNT Signalling in Osteoarthritis

In addition to their involverant in the cartilage development, various members of the WNT family
have also been implicated in cartilage pathologies, such as osteoarthritis (OA), characterised by the

degradation of articular cartilage (discussed in more detail in section 1.3), anik maitrover.

WNT3Atransfection in articular chondrocytes from rabbit knee and elbow decreased the levels of
proteoglycans in the ECM. These cells also exhibited increased levels of matrix metalloproteinase
(MMP)3, MMP13 A Disintegrin And Metalloproteinaswith Thrombospondin MotifADAMT B}

and ADAMTShbknown matrixdegrading enzymes. Additionally, in a Hartley guinea pig model of
ageRS LISY RSy (i  kcatenin staiaidd wais nareiprominent with worsening OA with severe
cartilage degeneration and thimmg, indicating canonical WNT signalling in the involvement of

cartilage degeneratiofYuasaet al, 2008.
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Mutations in Frizzledelated protein FRZE | f a2 {(y26Yy I &5 &k 8§ SRE LBIR
[SFRP3]) have been assaociateithvihip OA susceptibility in womehoughlin et al, 2004 Lane et

al., 2009. FRZB is a glycoprotein agtemist of WNT signalling that resembles the FzZD
transmembrane receptors but lacks the transmembrane domain, therefore competitively inhibiting
WNT signallingJones & Jomary, 20R2l'ransfection studies in a human embryonic kidney cell line
(HEK293) reveatkethat a single nucleotide polymorphism resulting in a R325G mutation in FRZB,
associated with hiDA in female patients, had a diminished ability to antagonise WNT signalling,
Fa y2GSR 0@ y-a#erfinSsuggésting @ SripértangeTof inhibitMNT signalling to
maintain the integrity of the cartilagéoughlin et al, 2004.

Mouse models have also demonstrated the significance of WNT signalling in OA development via
FRZBFrzl- mice, which were maaoscopically and histomorphologically indistinguishable from
wild-type littermates, were more susceptible to cartilage damage via various induced OA models
with an increase in active WNT signalling. In arthFtizd- mice, Mmp3 mRNA expression was up
regulated, with no increase iIMmp9, Mmp13 Adamts4or Adamts5detected. Recombinant FRZB
dosedependently inhibited recombinant MMP3 activity in a colorimeiricvitro activity assay,
indicating that inhibition of WNT signalling may impede cartilage dantggihibiting matrix
degrading enzymé_ories et al, 2007.

In addition to FRZB, Dickkepf(DKK1), another WNT inhibitor, has also been implicated in
osteoarthritis, with increased levels of DKK1 protein and mRNA found in human knee OA cartilage
(Weng et al, 2009 Oh, et al, 2012 and in experimental mouse OA cartilaffeh, et al, 2012.
Treatment of primary human chondrocytes with DKK1 increased the number of observed apoptotic
cells in a timedependent manner. Antibodgnediated neutralisation of DKK1 also abrogated
interleukin (IL)v Fmediated induction of apoptosi@Neng et al, 2009. Conversely, cartilage
specific overexpression @kklin mice significantly inhibited cartilage damage by detisddion

of the medial meniscus (DMM, a commonly used experimental OA model), arekposure of
primary mouse chondrocyte cultures with DKK1 inhibited WNT@&#iated upregulation of
Mmpl3andAdamts4 two key enzymes in cartilage destruction (discussedore detail in section
1.3.2)(Oh, et al, 2012. Additionally, lower levels of circulating DKK1 have been found in the plasma

from OA patients, negatively correlating with worsening (@ansaweket al, 2010.

1.2.6 CCN family and osteoarthritis
The CCN proteins are a family of six cysteicke matricellular proteins of the ECM, named after
the firg three founding members: Cysteineh Protein 61 (CYR61), Connective Tissue Growth

Factor (CTGF) and Nephroblastoma Overexpressed (NOV). Three further members were alsc
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subsequently discovered WNT1-inducible Secreted Protein 1 (WISP1), WISP2 and WISR38
have since also been referred to as C@&N&spectively. These CCN proteins all contain a similar
modular structure(Figure 17), containing four domains: insuliike growth factor binding protein
domain (IGFBP), von Williebrand factor type C (Vdd@)ain, thrombospondin type 1 repeat
domain (TSR) and a germinal domain containing a cystee knot (CT). However, NOV/CQBI3
unique in that it lacks the CT domd#ug et al, 2010.

These CCN proteins have been implicated in a number of biological processes, including cell
adhesion, migration, differentiation, survival and mitogendBikar & Ray, 20)0They have also

been implicated in a number of chondrocytic processes.

SP IGFBP VWC TSP1 CT

CCN1-4,6 @ - — B
CCN 5 - - —-

Figure 17 ¢ The modular structure of the CCN Growth Factor famBach member of the CC
family contain a similar modular structure consisting o$ignal peptide (SP) necessary {
secretion from the cell, an insulitke growth factor binding protein domain (IGFBP), a \
Williebrand factor type C domain (VWC), a thrombospondin type 1 repeat domain (°
separated from the VWC domain via a linkeidge, and a terminal domain containing ¢
cysteine knot (CT), which is absent in CCN5. Figure comprised using informati@rifystock
et al.(2003)and Chen and Lau (2009)
1.2.6.1 CYR61/CCN1
CYR61/CCNL1, the first founding member of the CCN family, has been shown to be involved in
mammalian chondrgenesis. Immunohistochemistry of mouse embryos revealed staining for
CYR61/CCN1 in the maturing cartilage and perichondrium of the forelimb digits; in the skeletal
anlagen of the forelimb; and in the less mature, condensing mesenchyme of posterior somites,
indicating a role in chondrogenesis. Antibody neutralisation of CYR61/CCNL1 ircsihglespended
Aaz2t 4GSR fAYO0 o0dzR YSaSyoOKeyYl f OStta araayArATa
important step in chondrocyte differentiation. Treatmentafmicromass culture with CYR61/CCN1
also significantly increased levels @bl2al(Wong et al, 1997. These results indicate that
CYR61/CCN1 indud#ferentiation of MSCs into chondrocytes during chondrogenesis in the mouse.

On the contrary in human bone marreglerived mesenchymal stem cells (hBMSCs), mRNA levels
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of CYR6Wecreased from high expression prior to differentiation to undetectable lewetsweek

after initiation of differentiation(Schitze et al, 20095.

CYR61/CCN1 has also been implicated in fracture healing of rat femur, an environment that
reportedly recapitulates embryonic development, displaying significantly elevated mRNA
expression and protein levels in proliferating chondrocytes, but not hypertrophic chondrocytes
(Hadjiargyroy et al, 200Q. Furthermore, CYR61/CCN1 has been showhetapregulated in
response to WNT3A in a mouse pluripotent progenitor cell line (C3H10T1/2). siRNA knockdown of
Cyr61also inhibited osteogenic differentiation in WNT8®erexpressing cells, demonstrating the
importance ofCyr61in WNT3Ainduced osteogeia differentiation of MSCES| et al, 2008.

1.2.6.2 CTGF/CCN2

CTGF/CCN2, the second founding member of the CCN family, has been well documented to be
involved inchondrocyte hypertrophy, with immunohistochemical analysis showing localisation of
CTGF/CCN2 expression in the most hypertrophic ¢elisang et al, 2010. Immortalised
chondrocytes isolated from a chondrosarcoma from a 72 year Japanese(Taikigawa et al,

1989, HCS/8 cells, transfected witllT GResulted in earlier and increased expression of aggrecan
core protein, a marker of chondrocyte maturation, and earlier and increased expression of type X
collagen, a marker of chondrocyte hypertropfiyakanishi et al, 2000. These results have also

been mimicked in rabbit auricular chondrocytéSujisawa et al, 2009, demonstrating the

importance of CTGF/CCN2 in chondrocyte differentiation and hypertrophy.

It has been shown that SOX9 repressigfexpression in chondroprogenitor cells by binding to a
TCF/LEF-SOX9 consensus site inCtigepromoter. In hypertrophic cells where SOX9 levels are
RSONBIFaSRxE (GKS ¢/ Ck[ 9 C -caénifideldiudoirreaden leviels @itgi 2 O O
WNT3A stimulation of chondroprogenitor cells also lead to an increa@ggirexpression, further
implicating the involvement of WNT signalling in the various stages of chondrogéreaisg et

al., 2010.

The importance of CTGF/CCN2 was established in 2003 upon the discoveBgtiamice die

within minutes after birth due to respiratory failure caused by skeletal defgdtsvic et al, 2003.

These mice exhibited shortened sterna which were bent inwards and had kinked ribs. Mineralised
cartilage zones were expanded whilst osstf@mawas reduced, suggesting a defective replacement

of cartilage with bone. The hypertrophic zone in the cartilage of long bones was also disorganised.

Although growth plate cartilage had normal expression and distribution of type Il collagen and type
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X ollagen, expression of aggrecan and link protein were decrefgealic et al, 2003. Together,

this highlights the importance of CTGF/CCN2 in cartilage.

1.26.3 NOV/CCN3

NOV/CCNS, the third founding member of the CCN family, has also been implicated in chondrocyte
hypertrophy. Immunohistochemistry and semuantitative RIPCR revealed NOV/CCN3
expression in the préaypertrophic and hypertrophic zones of thenbryonic murine growth plate.
Treatment with parathyroid hormoneelated protein (PTHrP), known to delay terminal
differentiation, resulted in a decrease of type X collagen in murine explant cultures and decrease
of NOV/CCN3 mRNA and protein, indicatingNO/ / bo Qa Ay @2t @SYSyid Ay C
(Yu et al, 2003. This has also been shown by siRNA knockdbafiont et al, 20053. Furthermore,

the same group also demonstrated that N@@N3 ugegulates transforming growth factor (TGF)

i HE AYLXAOFGAY3I bhzxk//bo Ay Gg2 &aidlr3asa 2F¥ O
hypertrophy (type X collagen increase). Additionally, deletio@tof in mouse chondrocytes has

been shown to inrease levels dfioy, and stimulation of wildype chondrocytes with recombinant
NOV/CCNS3 decreased expressiotgf, suggesting regulation of the CCN family by itd&dfwakj

et al,, 2008.

1.2.6.4 WISP1/CCN4

WISP1/CCN4 is the first member of the WhAducible secreted proteins and the fourth member

of the CCN family, and has been implicated in OA directly. WISP1/CCN4 protein has been shown tc
be increased imurine OA knee joints up to day 21 after OA induction by collagenase, after which
WISP1/CCN4 levels decreased with decreasing chondrocytes in the cartilage. Additionally,
immunohistochemistry revealed strong WISP1/CCN4 staining at the cell surface ai FH@MN

knee and hip OA cartilage, especially in the midzone and chondrocyte cl(Bitars et al, 2009.
WISP1/CCN4 expression has also been shown in hypertrophic zbeelei/eloping tibia in murine

embryos in a nofDA mode(Yanagitaet al, 2007%.

Dosedependent induction oAdamts4 Mmp3, Mmp9 and Mmpl3was observed by WISP1/CCN4
treatment in the murine RAW 264.7 macrophage cell line, ihiP3 and MMP9in both primary
human synovial cl and primary human chondrocytgBlom et al, 2009, all known matrix

degrading enzymes, further implicating the involvement of WISP1/CCN4 in the progression of OA.

Furthernore, overexpression of WISP1/CCN4 in-B8S%ells did not regulate expression©bl2al
and aggrecan/can, but did significantly increase expressionAdfPlL. and may therefore be

important in chondrocyte differentiation in endochondral ossificat{¥anagitaet al, 2007.
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1.2.6.5 WISP2/CCN5

WISP2/CCNS5 is uniqgue amongst the CCN family as it lacks the CT domain that is present in thi
remaining five members(Wei, et al, 2009. In situ hybridisation evealed localised strong
expression oWWisp2ZmRNA in osteoblasts of calcified cartilage in human foetal femur with weaker
expression in chondrocytes and osteoclggtamar et al, 1999. RTPCR has also showilSP2o

be expressed in BMSCs from humamdeal heads and is expressed prior to initiation, and in the
initial stages, of adipogenesis. However no differences were found during chondrogenic
differentiation of MSCgSchitze et al, 2005. WISP2has also been detected by TR
preferentially h the synovium of rheumatoid arthritis (RA) patients compared to that of OA patients,
and shown via immunohistochemistry to be restricted to fibroblast cells in extensive fibrotic tissue
in RA patientgTanaka et al, 2005. These findings suggest that WISP2/CCN5 may therefore be

preferentially implicated in RA and pathologies involving the bone rather than OA.

1.2.6.6 WISP3/CCNG6

WISP3/CCNG6ike final member of the WISP and CCN families and has been implicated in a number
of diseases, such as breast cang¢k®farrakchj et al, 2010 and is mutated in progressive
pseudorheumatoid dysplasia (PPRBrvitz et al, 1999 Zhou et al, 2007 Ye et al, 2010. PPRD

is a disease affecting articular cartilage of multiple joints, most commonly the interphalangeal joints
of the hands and then hips dnelbows, leading to restricted mobility, osseous swelling and
progressive reduction of cartilage starting from the age of abodt Besulting in severe joint

degeneration as the patient agéd/ynneDavies et al, 1982 Mampaey et al, 2000.

Wisp3mRNA has been observed vialRIR in human synoviocytes, articular cartilage chondrocytes
and BMSCs induced to undergo chondrogeniesigtro (Hurvitz et al, 1999. It has been suggested
that WISP3/CCNG6 has a role in ppatal skeletal and cartilage homeostasis, due to the lack of
extraskeletal abnormalities and prominence of degenerated cartilage in patients with(PlBRilz

et al, 1999 Sen et al, 2009. This role in cartilage homeostasis is further backed by the localisation
of WISP3/CCNG6 in clusseof proliferating chondrocytes in human OA cartilage, in midzone
chondrocytes in normal cartilage and in areas of chondrocyte proliferation in foetal cartilage growth
plates with reduced expression in the hypertrophic z¢8en et al, 2004. Furthermore, studies
have shown dowsregulation ofMMP1, MMP3and MMP13in PPRD articular chondrocyt&hoy

et al, 2007 and upregulation of COL2A1ACAN(aggrecan)and SOX9in WISP3ransfected
immortalised chondrocyte cell line-@3/12) (Sen et al, 2004 implicating a chondroprotective role

of WISP3/CCNBG.
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It has been proposed that WISP3/CCNG6 inhibits the action of idgkdirgrowth factor (IGF),

which has been shown to enhance chondrocyte hypertropby its IGFBP domain, and thus
stabilises the chondrocyte phenotype. Loss of WISP3/CCNG6 function, via mutations, may therefore
promote chondrocyte hypertrophy by increasing sensitivity to IGFang & Liao, 2007
Consequently, mutations have been found in WISP3/CCNG6 in PPRD fhitigtz, et al, 1999

Zhouy et al, 2007. To further back this, a C78R mutation of a conserved cysteine residue in the
IGFBP motif dVISPJailed to upregulate COL2ARnd ACANaggrecanmRNA or type 1l collagen
protein when transfected in an immortalised human chondrocyte cell line (C28/12) cells unlike

transfection with wildtype WISP3Sen, et al., 2004).

t NE@GA2dza 62N)] Ay (GKS DI ONRAt 2 JA 63/CENGRodalsd régulaie R S
metalloproteinase expreson (Baker et al, 2012. In WISP3/CCN6 overexpressing C28/12 cells,
MMP10was upregulated 14old at the message level, whilBDAMTS5%vas downregulated five

fold. Pharmacological inhibition of MEK1/2, p38 MAPK and IKK each patrtially suppvitdpd@
up-regulation, whereas only IKK inhibition further redudddAMTSS E LINS & A A 2y & -{ (G A Y
catenin also partially reversed the suppression ADAMTS5and further enhancedMMP10
expression in these WISP3/CCNG6 overexpressing cells, implicating a number of potential signalling

pathways involved in WISP3/CCGheédiatedmetalloproteinase regulatiofBaker et al, 2012.

Baker, et al. showed that WISP3was upregulated at the mRNA level of cartilage. By
immunohistochemistry, it ws demonstrated that WISP3/CCN6 was detected in osteoarthritic
cartilage samples, mainly localised to the pericellular regions, in sites of cartilage damage. Similarly,
WISP3/CCN6 was also detected in patients with no clinical history of osteoarthritisxtobited

cartilage damage, localised to these damaged regions.

In addition to its role in cartilage homeostasis, WISP3/CCN6 has also been implicated in the
regulation of BMSCs. FPICR revealed high expressioMidSP3n undifferentiated primary human
chondrocytes from the femoral head of patients undergoing total hip replacement arthroplasty.
During highdensity pellet chondrogenic differentiation, mMRNA levels decreasetofi§Schiitze

et al, 2005. The same group then later showed that WISPBI€@nd CYR61/CCN1 can stimulate
migration of hBMSCs doskependently across gelatienated chemotaxis filters and that
WISP3/CCNESRALF SR YAANIXr A2y YR y204 /, wcMKk/ / bwm]
antibody-blocking (Schiitze et al, 2007. Furthermore, WISP3/CCN6 has also been shown to
increase migration across a matrigmated porous transwell in the chondrosarcoma cell line JJ012,

through upreguhtion of intercellular adhesion molecule (ICAM()Fong et al, 201J).
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Taking these findings together, it is possible to envisage that WISP3/CCN6 has a
protective/reparative role in cartilage, upegulating expression of cartilaginous genes and
remodelling the matrix which could theoreticallallow for the chemoattractive invasion of

progenitor cells to help repair cartilage damage by undergoing chondrogenesis.
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1.3 Osteoarthritis

Osteoarthritis is the most common form of arthritiSDC, 2010 affecting up to 8 million people in

the UK alondArthritis ResearchiUK, 2011 It is a painful disease characterised by the degradation

of articular cartilage, with changes in the underlying subchondral bone, along with limired i
articular inflammationPoole, 1999 outlined in Figure 8. Rheumatoid arthritis (RA), on the other
hand, involves persistent synovitis, systemic inflammation and generation ofautitnodies(Scott

et al, 201Q. Current treatment for OA primarily focuses on temporary pain relief and- anti
inflammatories, wih no effective drugs on the market to combat the underlying caBesle et

al., 2002 Seed et al, 2009 Arthritis ResearctJK, 201} Joint replacement surgery is the only
effective option, although these need to be replaced after a certain number of years. Research into
OA, its biological caus@sd the molecular pathways involved is therefore of big interest in order

to develop potential effective future therapies.

Normal joint Osteoarthritic joint

Swollenjoint
Joint capsule

Mildly inflamed

Synovial :
synovium

membrane

Bone thickening
and outgrowths
(osteophytes)

Synovial fluid

Healthy cartilage Degraded cartilage

Figure 18 ¢ Simplified comparison between a healthy joint and an osteoarthritic joirih

osteoarthritis, cartilage is degraded. This increases the friction when moving thelgziding
to pain and stiffness. Wearing away of this cartilage may therefore lead to the two bones
joint rubbing against each other, causing further pain and stiffness. Other symptoms
include joint swelling and changes in the subchondrahdyosuch as bone thickening ar

outgrowths (osteophytes).




1.3.1 Cartilage changes in OA

OA is commonly described as the result of one of two routes: abnormal loading on reamilae,

or normal loading on abnormal cartilage, with the former normally resulting from some sort of
mechanical stress possibly due to injury and the latter normally being an idiopathic form of OA that
develops over long periods of tim@andell & Aigner, 200Poole et al, 2002 Horton Jr et al,

2006).

At the macroscopic level, the first indicators of OA are fibrillation at the surface of articular cartilage
as the collagen fibrils are damaged, softening of the cartilage (chondromalacia) and ulceration of
the cartilage(Ple, et al, 2002 Horton Jr et al, 2008.

1.3.1.1 Catabolic changes in OA

Osteoarthritis results in a number of catabolic changes leading to the destruction of cartilage. In
addition to the enzymtic destruction of cartilage matrix components, discussed in section 1.3.2,
osteoarthritis also results in the activation of other functional catabolic pathways, including
chondrocyte apoptosis and changes in the retention of water due to the loss of gadug
aggrecan attached to hyaluronan. Despite an overall increase in water content in OA joints resulting
in swelling, hydrostatic pressure of the joint is decreased as the water is not fixed to the GAG side
chains of the aggrecafidorton Jr et al, 2009, thereby diminished the resistance to compressive

forces that aggrecan normally protects against.

Studies have investigated apoptosis of chondrocytes bothivoandin vitro. In vitrostudies have
shown that primary human articular chondrocytes from FOA dnors, treated with imi =~ |y
inflammatory cytokine upegulated in OA tissue, in the presence of oxygen radical scavengers, can
induce cell death by the interaction of oxygen radicals with nitric ofglancg etal., 1995. An
association has also been reported between low production of endogenems IL g A (1 K KA
frequencies of absence of R(PA in volunteers aged over 8oekoop et al, 201Q. Furthermore,

it has been shown by immunohistochemistry of mice and rat knee cartilage that chondrocyte
apoptosis increases with agddams & Horton Jr, 1998However, the impact of chondrocyte

apoptosis in the development of OA has been under scriBaydell & Aigner, 2001

1.3.1.2 Anabolic changes in OA

In addition to the catabolic changes found during the progression of OA, it is known that OA
cartilage also induces anabolic activity, eliciting a repair response to repair the damaged cartilage.
Therefore degeneration afartilage is as a result of increased net catabolic activity and not due to

the lack of synthesis, since chondrocytes in OA cartilage are anabolically hyperactive.
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To observe the synthesis of new type Il collagen, studies have observed the releasetbé @PII,
propeptide of type Il procollagen, from both human articular cartilage expl@ietson et al, 1998
Hermansson et al, 2004 and porcine articular cartilage explanfslermanssonet al, 2004.
Additionally, it has been reported that OA cartilagengées revealed increased expression of two
prolyk4-hydroxylase subunitPdHAZand P4HB, a key enzyme in type Il collagen synthesis, along
with increases iICOL2Altself (Grimmer, et al, 2008.

Aggrecan sythesis has also been shown to be increased in OA cartilage compared 40A0n
cartilage. This has been achieved in one study by observing the presence of epitope 846, an epitope
present on large aggrecan that has been newly synthesised, analogous teetloé observing CPII

for type Il collagen synthesis. The study showed an increase in the presence of epitope 846 in OA
human knee cartilage compared to n@A knee cartilage. This increase in presence was also more

profound in latestage OA compared to dgwstage OALohmander et al, 1999.

However, studies on the increase of cartilage matrix components have tended to examine the
cartilage as a wtile, disregarding the different zones present in cartilage. Immunostaining against
CPIlI showed that type Il collagen synthesis was restricted to the mid and deep zones of the cartilage
and was absent from natural and new articular surf@delson et al, 1998. This has also been
shown in a separate experiment for proteoglycans, with hygeabolic activity of chondrocytes

being restricted to the middle and deeper zones of OA cartilage. Chondrocytes in the upper zone,
which does not relate to the superficial zone due to erosion, showed no expression of type Il

collagen or aggrecafigner & Dudhia, 1997

1.3.2 Enzymes in cartilage degradation

The catabolic activities involved during osteoarthritis are primarily medibtea family of enzymes
known as the metalloproteinases, which encompasses the matrix metalloproteinases (MMPs), a
disintegrin and metalloproteinases (ADAMs) and ADAM with thrombospondin motifs (ADAMTSS),

all part of the metzincin superfamily of zibasel enzymes.

1.3.2.1 MMPs

The MMP family, which together can degrade all components of the ECM, can be further subdivided
into different groups, based upon their substrate specificity, primary structure or cellular location.
Of note in cartilage remodellirend degradation are the collagenases (MMP1, MMP8 and MMP13)
that are able to cleave triplaelical, fibrillar collagens into the characteristic thigearter and one
quarter fragments; and the gelatinases (MMP2 and MMRA)rphy, et al, 2002, which are then

able to degrade the collagen fragments furtl{Burrage et al, 2009. While all three collagenases
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have been shown to degrade type Il collagewitro, MMP13 has the most catalytic activity, with
MMP8 having the leagBillinghurst et al, 1997.

1.3.2.2 ADAMTSs

Although various MMPs can also degrade aggrasaritro (Fosang et al, 1993 Murphy, et al,
2002, it is now known that the principle enzymes involved in aggrecan degradation are the
aggrecanases, ADAMTS4 and ADAMAIG&Ng & Wu, 20080ther members of the BAMTS family
have also been shown to have aggrecanase activity (ADAM3S9, -15, -16 and-18), with
ADAMTSS being the most active, with aggrecanase activity -fotd@Qgreater than ADAMTS4
(Gendron et al, 2007. Despite both MMPs and ADAMTd&grading aggrecan, it has been shown
that they exert their activity at different preferential sites, with MMPs primarily cleaving aggrecan
at Asii*'cPhée*?, while the ADAMTSs preferentially cleave at®CGtila®™ (Porter, et al, 2005.
These cleavage sites occur within the IGD of aggrecan, thereby releasing thcksp&tion of
aggrecan, which provides aggrecan with its vital functioretdining water, which is then free to

leave the ECM, devoiding the cartilage of its resistance to compressive fBesy & Wu, 2008

1.3.2.3 Enzyme dysregulation

While metalloproteinases are required by the body for remodelling of the ECM, dysregulation of
their activities can leatb a net increase of cartilage degradation, potentially aiding the onset of
idiopathic OA. This dysregulation has been shown in early work on tissue inhibitors of
metalloproteinases (TIMPs), which as the name suggests, inhibit MMPs. It was shown that in no
arthritic human cartilage, there is a small excess of TIMP over MMPs present. In OA cartilage, levels
of both TIMP and MMPs were increased, however, the increase of MMPs were proportionally
higher than that of TIMP, suggesting a net increase of MMPitgctind decrease in TIMP activity,
implicating the role of dysregulation of MMPs in @¥an et al, 1989.

MMP13, which has the highest catalytic activity against type Il collagen, has been shown to be
dysregulated in OA, such that inhibitionMMP13 abrogates the release of a collagendseved
nec-epitope in human OA articular cartilage explafi8linghurst et al, 199%; knockout oMmp13

in mice provides resistance to structural cartilage damage in an indO¢edhodel compared to
wild-type mice(Little, et al, 2009; and RTIPCR has showMMP13to be significantly upegulated

in late-stage OABauy et al, 2002 Davidson et al, 2009. This expression dfiIMP13 has been
shown to be mediated by the inflammatorytokines Ikemi | Yy R (G dzY 2 dzNJ y 8 GNER &
regulated via activation of various mitogawctivated protein (MAP) kinasdBau et al, 2002

Liacinj et al, 2003 Burrage et al, 2006.
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In addition to MMPs, the dysregulation of the ADAMTSs have also been implicated in OA. While
many ADAMTSs are able to cleaggrecan, specifically ADAMTS4 and ADAMTSS, with their higher
aggrecanase activity, are the likeliest candidates for involvement in OA path@logng & Wu,

2008. The involvement of ADAMTSs and not MMPs in aggrecan degradation in OA cartilage has
been shown by dosdependent inhibitimn of GAG release into culture media, which correlated with
the 3“ARGS neepitope produced by ADAMTS cleavage of aggrecan and not MMP cleavage
(Malfait, et al, 2002. Both ADAMTS4 and ADAMTS5 were detected at the mRNA and protein levels
in OA cartilage, however, only ADAMTS5 was detected in healthy caffikadfait, et al, 2002.
However, by gRPCR, another reportds detected both ADAMTS4nd ADAMTS®Expression in
healthy human cartilage, with ugegulation of both in OA cartilage, with ADAMTS4 levels elevated
to a higher fold compared to ADAMT&®ng et al, 2007H.

The contribution of both ADAMTS4 and ADAMTS5 have been affirmed by further inhibition studies
using siRNA latkdown of both genes, which significantly reduced the amount of GAGs released
into the culture medium from OA cartilage explants and normal cartilage with cytéhktheed
catabolic activity, representing a reduction in the cleavage of aggn&amg et al, 2007. These
results suggest that both ADAMTS4 and ADSB! are involved in the pathology of OA.

1.3.2.4 ADAMTS knockout studies

However, perhaps the biggest discovery regarding ADAMTS4 and ADAMTS5 came in 2005 whe
two groups, Glassoret al,, and Stantonet al., published their findings concurrently in Nature. Both
teams used créoxP transgenics to excise the catalytic domains in the ADAMTS genes (exon 4 in
Adamtsdand exon 3 ilAdamts§ to create functional knockout mice. Abtidies raised against the
aggrecan neepitope TEGES, a new epitope present in tissue extracts as a result of ADAMTS
cleavage of aggrecan, were used in both studies and demonstrated a substantial reduction of the
nec-epitope inAdamts4dknockout cartilageompared to wildtype andAdamts5knockout cartilage,

with Glassongt al, reporting negligible staining of the proximal tibial growth plateAmiamts4
knockout mice, implicating ADAMTS4 as the enzyme responsible for normal aggrecethsed
aggrecanturnover of the murine growth plate. In a surgicallyluced model of cartilage
degradation, Glassoet al., reported markedly reduced staining for the TEG&eo-epitope in the
Adamts5knockout cartilage, implicating ADAMTSS in the early phase of datgwad Adamts4

knockout mice showed no protection of cartilage.
Inflammatory modulators (Wt Ay gt@l, ahdBwhs Ay O2YO0AYlFGA2Y GA
Glassongt aldb0 (2 AYyRdz0OS WRSANI RFGAGS SyievysS | OGA

Adamts5knockout cartilage compared to a significant increaswild-type (Glassonet al, 2009
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and Adamts4knockout cartilagéGlassonet al, 2005 Stanton et al, 2005, suggesting ADAMTS5

is responsible for the proteoglycan releasemb gl & | f a2 aA8BEEMREA A y C
expression 18old compared toAdamts4by 3fold (Santon, et al, 2005. Stanton,et al, also
investigated the ALGSV negpitope, the other neeepitope formed from the GRi¥Ala®"*cleavage,

which is released into the medium, as well as investigating the AGEGnDal neoepitope

formed from ADAMTS8leavage of Gla’7Alat>”3. The report found all three neepitopes (TEGE,
ALGSV and AGEG) were absent from the cartilage or mediaavhts5knockout samples in
response to WMh A G A YdzZ F GA2Yy S AAYAT I NI G2 dzyadAydz |
Adamts4knockout and wildype samples. Toluidine blue staining of the tibiofemoral joint after
injection with methylated bovine serum albumiBSA), to induce monoarticular arthritis, revealed
significantly less aggrecan los®idamtsSknockout mice compared to controls. Furthermore, only

7% ofAdamts5knockout joints showed cartilage erosion compared to 36% of joints from control
mice(Stanton et al, 2009, suggesting that loss of ADAMTSS5 activity in mice is sufficient to protect
against aggrecan loss and cartilage erosion in a model of inflamynatibwritis. Put together, these
results from the Glasson and Stanton studies show that ADAMTS5, and not ADAMTS4, is the ke

aggrecanase in mice involved in cartilage degradation.

1.3.3 Stem cell repair

Currently, the only effective treatment for patientdth osteoarthritis is joint replacement surgery

for endstage cases in lodoearing joints, with no effective drugs on the market to reverse the
damage caused by the disease. This therefore does not benefit patients with osteoarthritis in non
load-bearingjoints such as the joints in the hands, or those with eathge disease who must first
endure the painful progression through the disease to be eligible for surgery. This makes
investigation into the disease to find therapeutic targets a huge area @ntiiic and

pharmaceutical interest.

One area of interest lies in a treatment knownaagologous chondrocyte implantatig/ACI). This

is the process of taking a cartilage biopsy, extracting the chondrgogxganding them in culture
and implanting theninto the site of cartilage damage in the osteoarthritic jof@ianninj et al,
2010 Akgun et al, 2015 Buda et al, 2015. Howeer, obvious complications arisél order to
obtain the chondrocytes, damage has to be inflicted to another ar¢aatload-bearing)cartilage
Furthermore, due to the small pportion of chondrocytes in cartilage, expansion in culture is a
necessary step in order to generate enough cartilage for implantation, whicldadiferentiation

of the cells, as discussed in section 1.4.
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Stem cells, derived from the bone marrow, daherefore an attractive alternative to overcome
these problems, eliminating the need for further cartilage damage anccukiire. Furthermore,

use of BMSCsas the potential taeduce the number of hospitalisations from two visits with ACI
down to one Wit (Gianninj et al, 201Q Buda et al, 2015. Both techniques have resulted in
improved patient outcomavith the use of BMSCs sometimes achieving slightly better results based
on various clinical scores of cartilage damage and osteoarthritis 68kgen et al, 2015 Buda et

al., 2019 as well as rate of return to sporting activi®uda et al, 2015.

Nevertheless, both techniques require surgery and a more favourable approach would be to avoid
the complications of surgery all together by having the body repair the cartilage itself. Therefore
work cantinues to identify a suitable therapeutic target to pursue via drugs to prevent the need for

surgery and benefit patients of all stagesd formsof OA.
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1.4 Maintaining the chondrocytic phenotype

Isolated primary chondrocytes are typically expandedwo-timensional monolayer culture to
increase their number, since chondrocytes present in cartilage are limited in number. However,
chondrocytes grown in 2D are known to rapidly -dlfferentiate, reducing expression of
chondrocytic genes, such &0L2Allosing their chondrocytic phenotype and gaining a more
fibroblastlike phenotype with the ugegulation of fibroblastic genes, such as for type | collagen
(COL1A1, COLIAtokes et al, 2001 Franciolj et al, 2010. Threedimensional culture is
therefore preferred to maintain the chondrocytic phenotype, mimicking the vivo

microenvironment in a number of ways.

1.4.1 Suspension culture

One way of culturing chondrocytes in suspension is via the use e2guoldroxyethyl methacrylate
(polyHEMA), coated onto culture surfaces to prevent cell adhesion to the substratum. Cells plated
onto polyHEMA therefore remain in suspension, allowing chondrocytes to regain their spherical
shape and reestablish their celtelland celimatrix contacts in all three dimensiofStokes et al,

2007).

Stokeseet al. (2001) demonstrated the recovery dig chondrocytic phenotype. By TR, they
reported that isolated primary chondrocytes lost expressio€OL11A% Sy O2 RAy 3 (G KS !
type Xl collagen) by passage (P)3, lost expressiofAC#N(aggrecan)by P2 and diminished
expression ofCOL2Alby PL compared to PO. Transfer to polyHEMA returned expression of
COL11A2and ACANback to PO levels. Bdifferentiation was attributed to diminished binding of
SOX9 to the promoter region GIOL2A{Stokes et al, 200J).

1.4.2 Encapsulation

An alternative method of culturing chondrocytes in 3D involves encapsulation, for example, by
using alginate beads, a linear-polymer ofb-mannuronic acid and-guluronic acidBonaventure

et al, 1994. Previous studies have directly compared culture in alginate beads compared to 2D
Y2y2f @SN LG ¢l a F2dzyR GKFG Ay H5I hpéLOX
differentiated chondrocytes, represented 90% of the total collagen, indicating a high amount of
type | collagen and type Il collagen. These chains were almost undetectable in the alginate culture
system (Bonaventure et al, 1994. Seeding at high density is also known to preserve the
chondrocytic phenotype with upegulation of COL2AIMRNA, however, chondrocytes isolated
from cartilage biopsies do not allow this due to the limited amount present in cartilage. However,

alginate cultue was able to ralifferentiate chondrocytes that had been isolated and expanded in
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monolayer culture to overcome this problem, with a high detectio@@fL2A%And no detection of

COL1ATtype | collager(Bonaventure et al, 1994.

However, seeding at a high density into alginate may not be necessary. It has been shown that
seeding at a low density (1 x“€ells/ml alginate) resulted in higher expressionCG@L2Alup to

26-fold higher) and sulphated GAG deposition compared to higlsitienultures (1 x 1Qcells/ml
alginate). The rate of proliferation was also observed to be higher in the low density culture than
the high density culture. Thin fibrils, similar in size to type Il collagen, were also observed
throughout the matrix in lowdensity cultures via sening electron microscopyout not in high
density cultures. This ability of increased proliferation andlifeerentiation of chondrocytes in a

low density culture was seen to be dependent on the formation of clonal populatianshserved

in the high density cultureGagne et al, 2000Q.

1.4.3 Pellet Culture

An alternative method of threelimensional culture is pellet culture. Essentially, cells are pelleted
by centrifugation and the pellet incubated. In time, the chondrocytesitayn an ECM typical of a
cartilage biopsy, displaying typical physeal patterning with the hypertrophic zone at the top,

proliferative zone in the middle and the resting zone at the bot{@heunget al, 2009.

hyS NBLR2NI KFra &adzZa3SadSR GKIF G LIS t-différéntiatidoizt § dzN
compared to culturing in alginate beadBernsein, et al, 2009. Immunohistological staining
showed high accumulation of type Il collagen in the pellet cultures with very little in the alginate
beads. gRPCR showed consistently high levelsS@iIX%xpression, similar to native cartilage,
comparedto low levels in monolayer and variable expression in algibated encapsulated
chondrocytes. Type Il collagen levels were also significantly increased in pellet cultures compared
to alginate. Type | collagen levels on the other hand were decreasedtinpletiet culture and

alginatebased cultures compared to monolay@&ernstein et al, 2009.

Another paper compared pellet culture directly to hyaline cartilage explants from chicks, with
results revealing that after -2 weeks, neeartilage from the pellet cultures shared many
similarities with cartage explants. For example, immunohistochemical staining showed similar
staining patterns for aggrecan and type IX collagen; type | collagen was only seen at the edge of
some of the pellet and explant; no type X collagen was observed in either; chorekoggte
spherical in both pellet and explant, and were observed to look healthy and active; and collagen
fibrils were observed in both. However, these collagen fibrils appeared to be disorganised in the

pellet compared to the explant. Staining of typedllagen was also different, with staining in the
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pericellular matrix (PCM) of the chondrocytes in the explant compared to more-l&ai4d

staining in the pellet culturéhang et al, 2004.

1.4.4 High density micromass culture

High density micromasculture (not to be confused with the pellet culture system described in
1.4.3 which is also sometimes referred to as a micromass) was establistidudns et al.(1977)

for the in vitro chondrogenic differentiation of cells isotat from the chick wing bud. It is a culture
system whereby a high density of cells that is spotted onto a plate and is allowed to adhere to the
plate before flooding with media (Figure9d).. This ensures that cells grow as a central spot growing
in three dmensions, increasing their cekll contacts, and secreting their own extensive matrix

and thus increases their cetlatrix contacts in all three dimensions.

2 hours Growth

High-density spot

. N

1

Figure 19 ¢ Setting up a micromass cultureCells are plated in a higtensity, low volume
(typically around 10 pl) spot into a culture well and allowed to adhere in the incubator for
hours. he wells are then flooded with the desired media, with the cells remaining as a :
The micromass is then allowed to differentiate and/or grow for the desired period of time.

This system has been shown to give increased expression of chondrocytic geness GOdI2AL
compared to other threalimensional culture systems, such as growth in algifaténaka et al,

2004). Compared to pellet culture, micromass cultdm@s been shown by immunohistochemistry

to increase deposition of type Il collagen and decrease deposition of fibroblastic type | collagen and

hypertrophic type X collage@hang et al, 2010.

There are many variations of micromass culture to enhance the culture of chondrocytes. One such
example is to enhance chondrogenesis from chondrocyte precursors, MSCs. It has become a widely
established culture system fordaocing chondrogenesis, utilising many types of cells to undergo

chondrogenesis, such as primary BM8Taspel| et al, 2004 Taipaleenmakiet al, 2008 Markway,
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et al, 201Q Zhang et al, 2010, primary adiposalerived mesenchymal stem cells (ANI@4alladi
et al, 2006 Xu et al, 20071, primary embryonic limb bud mesenchyrf¥oon et al, 200Q Matta,
et al, 2011, and various cell ling®enker et al, 1999 Kipnes et al, 2003 Seriwatanachaiet al,
2012.

Additionally, micromass culture has also haesed in conjunction with hypoxia cultufgli et al,

2008 Strobel et al, 2010, discussed in section4l6, to further enhance differentiation and e
differentiation. The smaller culturing vessels needed for micromass culture (ewgelRglate)

makes this an attractive culturing model to use compared to other cultures such as pellet cultures,
which are mrmally cultured in 15 ml tubes, making micromass cultures more practical than pellet
cultures, which may need larger hypoxia chambers or require a larger incubator space for the same

number of samples.

1.4.5 Mesenchymal Stem Cell Differentiation

Wl SI,fnanfOA Qrimary chondrocytes are normally obtained post mortem. Although these
donors may not have had a clinical history of OA, it cannot be ruled out that there may be some
RSAINBS 2F G(KS RA&SIFaS (KIFG KIFa 32ySi /g 2w
chondrocytes is infrequent, dependent on consenting patients undergoing joint replacement
surgery locally and only a limited number of chondrocytes are present within cartilage explants.
Since the initial steps of chondrogenesis involve cosdéon of MSCs and their subsequent
differentiation into chondrocytes, MSCs are therefore an attractive, alternative and plentiful source
2T OK2yRNRO&GSas 20SNO2YAy3A (-@Spriraly Eonddges) &
and eliminating the eed to use 2D monolayer expansion of primary chondrocytes which would

otherwise result in dalifferentiation prior to redifferentiation.

It has been suggested that 3D culture of MSCs enablesatktiontact, reminiscent of thim vivo
situation when MS€condense as one of the initial steps of chondroger{@géang et al, 20085. It

has previously been reported that-éhdherin is required fom vitro chondrogenesis whereby
antibody blocking of the adhesion molecule inhibited chondrogenesis in micromass cultures of
embryonic chick limb MS@®berlender & Tuan, 1994However, chondrogenesis has also been
observed in 3D scaffold culturéslam et al, 2010, which limits celtell contact. Furthermore,
paraformaldehyde inactivation of MSCs, which keeps transmembrane signalling molecules intact
on the cell surface, has been shown to inhdhondrogenesis, indicating that cekll contact alone

is not enough to initiate chondrogenesis and that various signalling is reqluireet al, 2010.
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In addition to differentiating MSCs into chondrocytes in the various taiegensional cultve
systems outlined previously, some studies have demonstrated the additional benefits- of co
culturing MSCs with mature articular chondrocytes. Equine MSCs isolated from the marrow of the
sternebra, when ceultured with equine articular chondrocytes istdd from the femoropatellar

joint, produced higher levels @@OL2ARnd SOXINRNA, and stronger, more homogeneous Alcian
blue staining (indicating proteoglycan deposition) compared to separate MSC and chondrocyte

cultures with and without stimulation viaDI'C i (Lettry, et al, 2010.

It has also been shown that @ulture of MSCsvith articular chondrocytes reduces markers of
chondrocyte hypertrophy, a fate spared from articular cartilage and reportedly to occur
prematurely in differentiating MSC micromass cultu¢@slttari, et al, 2006. A report by Fischer,

et al, (2010 revealed a decrease in mMRNA levels of ALPL, which encodes the esikstire
phosphatase produced by hypertrophic chondrocytes responsible for matrix mineralisation during
endochondral ossification, in human articular chondroegteditioned MSC pellets.
Supplementation of unconditioned media with PTHgRrathyroid hormoe-related protein)
previously detected in culture supernatants, strongly reduced alkaline phosphatase activity in MSC
pellets and significantly decreas€®DL10A4ANnd Indian hedgehodl{H mMRNA level@=ischeret al,

2010 suggesting PTHrP may be one soluble factor secreted by chondrocytes to repress hypertrophy
and may therefore be added to MSi€rived chondrocytes to prevent them from going down the

hypertrophic pathway to maintain the articular chondrocyte phenotype.

1.4.6 Hypoxia

Articular cartilage is an avascular, aneural, alymphatic connective tissue. As such, cartilage is subjec
to a low oxygen tension and therefore the chondrocytes live in a hypoxicoanvent with oxygen
tension varying from 17 % Qin humans, depending on how deep the cartilage zone is from the
articular surface, in comparison to arterial blood ranging from 14 % Q (Grimshaw & Mason,

200G Murphy & Polak, 2004 Culturing cells under normoxic conditions (20 % i® therefore
unphysiological and not suitable for tievitro culture of chondrocytes. Many studies have shown

the benefits of culturing chondrocytes under hypoxic conditions, injumtion with a three

dimensional environment, to closely mimic more realigtizivoconditions.

One study observed the effects of encapsulation of human hip articular chondrocytes in alginate
beads at 20 % £and 5 % @ in comparison to PO isolated @hdrocytes. gR'PCR revealed strong
decreases IlCOL2ALACAN(aggrecanand SOX%xpression following monolayer subculture of
chondrocytes (P3). Encapsulation of P3 chondrocytes slowly increased expression, but after 28 day:

at 20 % @ expression was $tiower than that of encapsulated PO chondrocytes. In comparison,
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encapsulated P3 chondrocytes restored expressidb@if 2AJACANANNASOXDy 28, 14 and 7 days
respectively when cultured at 5 % Murphy & Polak, 2004 These results show that although 3D
culture upregulates chondrocytic genes, the effects can be significantly enhanced by reducing the

oxygen tension to a more physiologicalglevant level.

Another study also olesved the effects of hypoxic culture using pellet culture on the anabolic and
catabolic activities of no®A human knee articular chondrocytes. Results showed that, in addition

to increases in type Il collagen and aggrecan, culture of chondrocytes at5af40Qlecreased
expression of MMP1 and MMP13. Switching to 19 faf@r this initial 5 % ©phase resulted in
increased release of MMP1 and MMP13 as well as collagen fibrils with a decrease in persistence
length and bending ratio seen Isganning electro microscopy similar to OA cartilage, indicative

of softening of the cartilagéStrobe| et al, 2010. Decreasing oxygen tension therefore improves

the structure, reduces catabolic activities and enhances anabolic activities.

However, hypoxia also has been reported tortxatabolic effects. The murine chondroprogenitor

cell line, ATDC5 (described in more detail in Chapter 3), readily undergoes chondrogenesis with
insulin stimulation at normal oxygen levels. However, upon hypoxic stimulation at 4] s @ir

induced chadrogenesis was inhibited, resulting in decreased expressiorCaal Acan
(aggrecan)Col10al as well as decreased proteoglycan deposition as seen by Alcian blue staining
(Chen et al, 2009. Similar results were also seen in chondrogenically differentiating murine AMCs
in micromass, with decreased expression of type Il collagen protein and sulphated GAG content
(Malladi, et al, 2009. Additionally, hypoxia inducible factor (HF) = |  YSYO0 SNJ 2-
transcription factor family responsible for the regulation of genes under hypoxia, has been shown
to increase exprssion of MMP3 and MMP13 in mice via the inflammatory cytoking, ih mouse
cartilage(Ryu et al, 201). Conversely, HIFh Kl & 06 SSy NX LJ]2 fhtkeRypix2z o0 S
induction of COL2AAndSOX9 human articular chondrocytdkafont, et al, 2007). This highlights

the complexity of hypoxia and its importance in cartilage, and additionally, consideration may need
to be taken regarding cell source as mice have thinner cartilage than larger mammals and as a result

may be subject to different oxygen tensiansvivo(Murphy, et al, 2009.
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1.5 Summary

Osteoarthritis is a painful and debilitating disease with no dis@asdifying drugs available on the

market. A number of signalling pathways have been implicated in the progression of osteoarthritis,
including the WNT signalling pathway and the CCN growth factor family. Although these two
families are known to be tightly linked, the extent of their relationship and the mechanisms behind

their involvement in the progression of osteoarthritis are not fulhderstood.

Additionally, cartilage is now known to be a complex tissue consisting of many layers which all
regulate different sets of genes, and different cartilages in the body have unique functions
depending on its location. Previously, little regard haen taken as to the phenotype of cartilage

like tissue produced from the culture of chondrocytes and chondrogenically differentiating MSCs.

1.6 General Hypothesis

It was therefore hypothesised that WNT and CCN signalling may be implicated in the dmstéict
cartilage and may therefore be implicated directly or indirectly in inflammatory cytokine and

metalloproteinase signallinip chondrocytes and chondroprogenitor cells.

As mentioned before, chondrocytes and their progenitors are the only cells mraseartilage.
Given that WNT signalling has been implicated in both the differentiation of chondrocytes and the
migration of other cells indith a positive and negative maan it was also therefore hypothesised
that WNT signalling may be involved iretthnodulation of the migration of the cells in response to

cartilage damage to either promote or impede repair.

1.7Aims

To investigate these hypotheses with physiological relevance, this thesis therefore aimed to:

1. Establish a culturing model of physiolagicelevance to model articular cartilage and the
changes that occur during osteoarthritis
a. ldentify the phenotype of the cartilage model to ascertain its biological relevance
by examining regulation of known cartilage phenotypic genes
b. Investigate the genexpression changes of the WNT and CCN signalling families
during chondrogenesis using the above model
2. Investigate the impact of WNT signalling in an osteoarthlitie setting via examining gene
and protein regulation

3. Investigate the functional outcomed WNT signalling via migration and invasion studies

35



Chapter 2

Materials and Methods
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2.1 ATDCS5 Cell Culture

2.1.1 Maintenance

ATDCS cells, originally cloned from the AT805 mouse embryonic teratocarcinoma ¢glidimaij

et al, 1990, were obtained from Dr. Tracey Swingler (University of East Anglia). Undifferentiated
ATDCS cells were maintained in a culture medium consisting of DMEM:F12 (Invitrogen) containing
5% (v/v) foetal calf serum (FCS), 1% (vAglutamine and 1% (v/v) penicillin/streptomycin
(Invitrogen) supplemented vii K mn >3k Y -Blddizhyand 3 NWIogiumdsélehi@ Y |
(SigmaAldrich), referred to as maintenance medium. Medium not supplemented with transferrin

or sodium selenite was referred to as basal medium. Cells were maintained in a humidified
incubaor at 37 °C with 5% GQJndifferentiated cells doubled every day and were passaged using
0.05% Trypsin/EDTA (Invitrogen) roughly twice weekly at 1:8 or 1:16 in maintenance medium in

filter-capped tissue culture flasks (Nunc).

2.1.2 Experimental Culture

For experiments, ATDCS5 cells were grown in several different culture models.

2.1.2.1 Monolayer Culture

Monolayer cultures of ATDCS5 cells were plated at a density of 8oell§/cnt into a 24well tissue
culture plate (Nunc) in 500 pl maintenance mediumd @llowed to grow for 2 days until just sub
confluent, unless stated otherwise. After two days, medium was refreshed or switched to the stated

condition and this time point is referred to as Day O.

2.1.2.2 High Density Micromass Culture

High density micnmass cultures of ATDCS5 cells were established essentially as described previously
(Ahrens et al, 1977. Briefly, ATDCS5 cells were plated in 10 pl droplets in maintenance medium at
a density of 2 x T@ells/ml into a 24well tissue culture plateynless stated otherwise, and allowed

to adhere for 2 h in a humidified incubator at 37 °C,5%C8OF 2 NE Ff 22 RAy 3 5SSt f

appropriate medium according to the experiment. This time point was referred to as Day 0.

2.1.2.3 ATDC5 Chondrogenic Induction with Insulin

Insulin was used to induce differentiation of ATDCS cells essentialysaslukd previouslgAtsumi

et al, 1990, by supplementing basal medium with an insulin, transferrin and sodium selenite (ITS)
premix (Invitrogen), giving final concentrations of 10 pg/ml ims@i5 pg/ml transferrin and 38.73

nM sodium selenite. Differentiating medium was added at Day 0 and refreshed edetays for

14 days. For the time course analysis, cells were differentiated for 7, 14 and 21 days.
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Undifferentiated (norinduced) ATDCb5etls in maintenance medium were used as controls for

differentiated ATDCS5 cells and maintained for the same time period.

2.1.2.4 Stimulation with Ascorbic Acid

Ly 42YS SELSNAYSyGas YIAYyGSylyOS 2N RATFSNByY
L Aa02NBAO | OAR &a2RAdzYy &l f dAldrck),adNmevidusiySebtablished i® 2 N.
chondrogenic culturéSpagnoliet al, 2005 Taipaleenmakiet al, 2008 Temy et al, 2010. Media

were then refreshed every-2 days.

2.1.2.5 ECM Components

Where indicated, culture wells or 13 mnestised glass coverslips (VWR International) were coated
with either Type Il Collagen (from chick sternal cartilage, Siiaidch), or Fibronectin (from
human plasma, Sigraldrich) at the desired concentration and incubated overnight at 4 °C. Excess
liquid was removed, the plates and coverslips washed with PBS and allowed to air dry under sterile

conditions.

2.2 Gene Transcription Analysis by-§&R

2.2.1 RNA Extraction using RNEasy Mini/Micro Plus kits from QIAGEN

Total RNA was extracted using RNEa#y Rlus or RNEasy Micro Plus kits from QIAGEN, according
02 GKS Yl ydzFl OGdzZNENRa AyaidaNuzOdAizyad . NASTieax
O2y GFAYyAy3 3Idzd yARAYS (i K-meapiethamol(ts & final cahdedtradion S v (i
of 143 mM). Cell lysates were homogenised by repeatedly pipetting up and down before being
transferred to gDNA eliminator columns. Micromass cultures that had been induced with insulin
were further homogenised using a TissueLyser (QIAGEN) by vigorousgshiki a sterile ball
bearing in a 2 ml safetipck tube (Eppendorf) at 30 Hz for 30 s before being transferred to a gDNA
eliminator column due to the ECM produced in micromass cultures that may otherwise prevent
complete homogenisation. After centrifugan, flow-through was precipitated with equal volumes

of 70 % ethanol before being transferred to the RNA spin columns and centrifuged again. RNA was
trapped on the silicone membrane and a series of washes withdatilbuffers further purified the

RNA béore elution in RNAs&ee water. Eluted RNA was stored-20 °C.
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2.2.2RNA quality/quantity analysis with NanoDrop

RNA quality and quantity was analysed using the NanoDrop 2000 spectrophotometer (Thermo
Scientific) at wavelengths of 230, 260 and 280 RNA concentration was measured at 260 nm.

Ratios of 260/280 and 260/230 were used to analyse the quality of the RNA for protein
contamination and guanidine contamination respectively. Samples with ratios above 1.8 were

deemed as high quality with respeat contaminants.

2.2.3 Twestep reverse transcription to cDNA usingWV

RNA was reverse transcribed to cDNA in a-stap process. Random primers (0.5 pg/ug RNA)
(Invitrogen) were annealed to RNA by heating to 70 °C for 10 min then immediately plubged i

ice to prevent restoration of secondary structures. Primed RNA was reverse transcribed using M
MLV (200 u/pg RNA) (Promega) with 0.2 mM dNTP mix (Bioline) by heating to 42 °C for 60 min to
allow primer extension. Enzyme activity was destroyed by hgatiry0 °C for 10 min, and samples

stored at-20 °C until use.

2.2.4 |dentification of suitable housekeeping gene using geNorm from PrimerDesign

To identify a suitable housekeeping gene for experimental analysis, a geNorm reference analysis
was carried otiusing a 12 gene geNorm gene selection kit (PrimerDesign) using PerfectProbe

technology witha @ ND 2 E@ Ff dz2 NB&EAOSAY o6C! av NBLRNISNE |
Briefly, 5 ng cDNA from different conditions were loaded onto a qPCR platee@d Bitisystems)

along with a mixture containing 2x gPCR MasterMix (Applied Biosystems) and selected

primer/probe mixes at 300 nM. The loaded plate was sealed and loaded into a 7500/7500 Fast Real

Time PCR System (Applied Biosystems) and subjected to liwsifg cycling conditions detailed

in Table 2.1.

Table 2.1¢ PCR cycling conditions for geNorm analysis using PerfectProbe Technology

Time (min:sec) Temperature (°C)
Enzyme Activation 10:00 95
Denaturation 00:15 95
Cycling x50 Data Collection 00:30 50
Extension 00:15 72

Gs were analysed using gb&s¢*(Biogazelle) and subjected to geNorm analggsndesompelg

et al, 2002. Reference genes were ranked using a geNgrvalue from worst (higher value) to
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best (lower value). A geNorM value below 0.5 was considered accape for use as a reference

gene. A list of genes used in the geNorm analysis can be found in Table 2.2.

Table 2.2¢ Genes analysed using the geNorm gene selection killl gene names taken from
National Centre for Biotechnology Information (NCBI).

Symbol | Name

18s 18S ribosomal RNA

Actb Actin, beta

Atp5b | ATP synthase, H+
transporting mitochondrial
F1 complex, beta subunit
B2m Beta2 microglobulin

Canx Calnexin

Cycl Cytochrome €l

Eif4a2 | eukaryotic translation
initiation factor 4A2

Gapdh | Glyceraldelde-3-phosphate
dehydrogenase

Rpll3a | Ribosomal protein L13A
Sdha Succinate dehydrogenase
complex, subunit A,
flavoprotein (Fp)

Ubc Ubiquitin C

Ywhaz | Tyrosine 3
monooxygenase/tryptophan
5-monooxygenase activatiof
protein, zeta polypeptide

2.2.5 Genertaon of custom assays using the Universal ProbeLibrary

Custommade primer/prone sets (hereafter referred to as assays) for use with the Universal
ProbeLibrary (UPL)(Roche) for use in-®R were designed using the UPL assay design centre
using the ProbeRder database. Assays were designed to be inspanning to eliminate PCR
amplification of any potential, residual, contaminating gDNA. Designed DNA primers were
synthesised and purchased from SigAddrich and used in combination with the relevant LNA UP
probe 8 YSNE O L LINNDKEFAZSR TNRY w20KSz f108ftf SR
dzaS 2F [b! X 5b! Fylf23dzSa 6KAOK A WwWOZ NI YR
Fd2Y G2 at201¢ GKS NAO2aS edlkefmahkstabiliyy with i §reatet [

N & between perfectly matched and mismatched pairing, and thus allows for more sensitive
discrimination of mismatches in bagairing(Roche Applied Science, 200 gqRTPCR reactions

using the UPL, primers and probes were used at 250 nM and 125 nM respectively and used under
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standard TagMan cycling conditions (Table 2.4). Primer sequences and UPL probe numbers can b
found in Table 2.3

2.2.6 Generation of custom assays from PrimerDesig

For assays that were not able to be designed through the UPL, either due to a lack of intron
spanning assays available or lack of specificity, custom assays, using primer anddgieuble
(TagManstyle) technology, were designed by PrimerDesign (SouthamptiK). Custom assays
were designed and checked for efficiency and specificity by PrimerDesign, and supplied as a
primer/probe mix used at a final concentration of 300 nM per reaction. PrimerDesign assays were

used under standard TagMan cycling conditiffiable 24) with sequences detailed in Table 2.3.
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Table 2.3¢ Primer/Probe sequences for murine assays for use with §RIR Where more than one accession number is given, the primer/probes are
designed as a common assay that detects all variants li§rdct probe sequences for assays designed by the UPL and primer/probe sequences for

housekeeping genes designed by PrimerDesign are property of, and withheld by, the respective companies. All given prdbés&re f S R
tetramethylrhodamir

Official

60¢!aw! 0 60QULO®

gA0K C! a

Accession .
Gene Other Names Design Source Sequence (53"
Number(s)
Symbol
2 Forward Primer: | GCCGCTAGAGGTGAAATTCTTG
8 18S 18S rRNA M10098 Corps, et al.(2006 | Reverse Primer: [ CATTCTTGGCAAATGCTTTCG
2 Probe: ACCGGCGCAAGACGGACCAG
a — , .
% Tyrosine 3 NM_001253805.1 Forward Pmer. Property of Pr?merDes?gn
% monooxygenase/tryptophan-5| NM_001253806.1 ) ] Reverse Primer: | Property of PrimerDesign
) Ywhaz O PrimerDesign _ )
3 monooxygenase activation | NM_001253807.1 Probe: Property of PrimerDesign
rotein, zeta polypeptide -
T P polypep NM_011740.3
Forward Primer: | TcAACACCCCTAACGACTCAGA
Folgueras, et al., L
@ Adamts4 Aggrecanase 1 NM_172845.2 (2008 Reverse Primer: | cAGCTCCTAGCTGGATCACACA
@ Probe: CTGACCACTTTGACACAGCCATTCTGTTCA
'% Faward Primer: | CCTGGATGATGGTCATGGTA
% Adamts5 Aggrecanase 2 NM_011782.2 UPL Reverse Primer: | AGTTCCTCGGGACCCAAA
% Probe: UPL Probe #38
o Forward Primer: | CTTTTCCTCCTGGACCAAACT
= Mmpl3 Collagenase 3 NM_008607.2 UPL Reverse Primer: | TCATGGGCAGCAACAATAAA
Probe: UPL Probe #105
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CQ\ Growth Factors

CCN1; Forward Primer: | GGATCTGTGAAGTGCGTCCT
Cyr6l Cysteine rich protein 61 NM_010516.2 UPL Reverse Primer: | CTGCATTTCTTGCCCTTTTT
Probe: UPL Probe #66
CCNZ; Forward Primer: | TGACCTGGAGGAAAACATTAAGA
Ctgf Connetive tissue growth factof NM_010217.2 UPL Reverse Primer: | AGCCCTGTATGTCTTCACACTG
Probe: UPL Probe #71
CCN3; Forward Primer: | AGTGGACCTGTGGCTCAGA
Nov Nephroblastoma overexpresse] NM_010930.4 UPL Reverse Primer: | TCAACTCCTACGGTGGCTTC
Probe: UPL Probe11
CCN4; Forward Primer: | TTATCCCCTGTGGCTCCTC
Wisp1l WNp-;%[r:CVO;;C:)?Li;ir?qa"ng NM_018865 PrimerDesign Reverse Primer: | CCATTTATGAGTGTGTGTATAGTTCT
Probe: ATGATGATTCAGTTTGCCCCACACCATACA
CCN5; Forward Primer; | TCCTCTGCATTCTCTCAATGG
Wisp2 WNT1 inducible s_ignaling NM_016873.2 UPL Reverse Primer: | GTGTCCAAGGACAGGCACA
pathway protein 2
Probe: UPL Probe #104
. WNT1 indcli:,i\lbelsé signaling . : Forward Primer: | GCAAGCAACCAAGGACTC
Wisp3 NM_001127376 PrimerDesign

pathway protein 3

Reverse Primer:

Probe:

CAGCCTCCTCTCCTTTCTCAT

CGGGTAACCAACGATAACGCCAACTGTGA
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Forward Primer: | CATGTTCAGCTTTGTGGACCT
Collal Collagen, type |, alphal | NM_007742.3 UPL Reverse Primer: | GCAGCTGACTTCAGGGATGT
Probe: UPLProbe #15
Forward Primer: | GCAGGTTCACCTACTCTGTCCT
Colla2 Collagen, type |, alpha 2 NM_007743.2 UPL Reverse Primer: | CTTGCCCCATTCATTTGTCT
Probe: UPL Probe #46
% NM_001113515.2 Forward Primer: | ACCCCCAGGTGEATGG
E Col2al Collagen, type 2, alphal | NM_031163.3 UPL Reverse Primer: | AACACCTTTGGGACCATCTTT
8 Probe: UPL Probe #18
Forward Primer: | CCTGGGTATCCGCAACTCT
Col9al Collagen, type 9, alpha1l | NM_007740.3 UPL Reverse Primer: | CCTGATCTTGGGACACAGTTC
Probe: UPL Probe #31
Forward Primer: | GCATCTCCCAGCACCAGA
Col10d Collagen, type 10, alpha 1 | NM_009925.4 UPL Reverse Primer: | CCATGAACCAGGGTCAAGAA
Probe: UPL Probe #84
Forward Primer: | CCAGCCTACACCCCAGTG
% Acan Aggrecan NM_007424.2 UPL Reverse Primer: | GAGGGTGGGAAGCCATGT
L(,u, %) Probe: UPL Probe #76
§ é Forward Primer: | GCTATGGAGGTTACGCCTTG
> é Matn3 Matrilin 3 NM_010770.4 | UPL Reverse Primer: | GTACCAGAGGCGCATTTGTC
35 O Probe: UPL Probe #2
g © Fowvard Primer: | GGCAAGTGCTGTGCAGATTA
§ Prg4 Proteoglycan 4 (Lubricin) | NM_021400.3 UPL Reverse Primer: | AGGCGGAGGTGCAGTCTT
Probe: UPL Probe #9
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liver/bone/kidney

Probe:

Forward Primer: | CCGGGAACTACTGCAAAAAT
Dkk1 Dickkopf homolog 1 NM_010051.3 UPL Reverse Primer: | CCAAGGTTTTCAATGATGCTT
Probe: URL Probe #76
Forward Primer: | TCGTGACCAGATCCAGCTT
Dkk3 Dickkopf homolog 3 NM_015814.2 UPL Reverse Primer: | AGCCGCTGCATGTTTGTT
Probe: UPL Probe #70
Frizzledrelated protein; Forward Primer: | CACCGTCAATCTTTATACCACCT
Frzb Seceted frizzledrelated NM_011356.4 UPL Reverse Primer: | GAGCCTTCTACCAAGAGTAACCTG
o> protein 3 (Sfrp3) -
é Probe: UPL Probe #34
g Forward Primer: | GACCCACGGAAGTGACAGA
(@)]
'|cZ) Greml Gremlin 1 NM_011824.4 UPL Reverse Primer: | CCCTCAGCTGTTGGCAGTAG
g Probe: UPL Probe #63
Forward Primer: | TCATCAGCCAGCACAAACA
Ra2 Receptor tyrosine kinaskke | \\; (13846 3 UPL Reverse Primer: | GTGGCCTTTGTAGACCTTGC
orphan receptor 2 -
Probe: UPL Probe #25
Forward Primer: | CTTAGTGCTCTGCAGCCTGA
Wnt3a Winglessrelated MMTV' 1\ 549525 2 UPL Reverse Primer: | GAGTGCTCAGAGAGGAGTACTGG
integration site 3A -
Probe: UPL Probe #76
Forward Primer: | ACGCTTCGCTTGAATTCCT
Wntb5a Wlnglessre_late(_j MMTV NM 009524.2 UPL Reverse Primer: | CCCGGGCTTAATATTCCAA
integration site 5A -
Probe: UPLProbe #55
54 Forward Primer: | CGGATCCTGACCAAAAACC
8 & | Al Alkaline phosphatase, NM_007431.2 UPL Reverse Primer: | TCATGATGTCCGTGGTCAAT
£ T
o

UPL Probe #12
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" NM_007584.2 Forward Primer: | TGTGCCTAGGGAGACTGAAAC
§ Ddr1 Discoidin domain receptor 1 | NM_172962.1 UR Reverse Primer: | TCCCTCTGGTCTATGGAGGA
§ Probe: UPL Probe #56
& Forward Primer: | CGAAAGCTTCCAGAGTTTGC
% Ddr2 Discoidin domain receptor 1 | NM_022563.2 UPL Reverse Primer: | GCTTCACAACACCACTGCAC
L Probe: UPL Probe #55
< Forward Primer: | TGGAGCAACATGTGGAACTC
> | 1gfor Tra”SformL”e%:"lOWth factor, | \m_011577.1 UPL Reverse Primer: | CAGCAGCCGGTTACCAAG
3} Probe: UPL Probe #72
Forward Primer: | TGGAGTCAGACACTCAACACA
o |72 Tra”Sforlegt:’;"Wth factor, | \m_009367.3 uPL Reverse Primer: | AAGCTTCGGGATTTATGGTGT
0 Probe: UPL Probe #73
°© Forward Primer: | TGGCTGTCTTTCGATGTCAC
Tgfb3 Tra”Sformggfgov"th factor, | \m_009368.3 UPL Reverse Primer: | GCTGATTTCCAGACCCAAGT
Probe: UPL Probe #91
NM_001146038.1 Forward Primer: | GATGATGACACTGCCACCTCT
_§ " Runx2 Runt relafL;i?otrraznscription NM_009820.4 UPL Reverse Primer: | AAAAGGGCCCAGTTCTGAAG
2 § NM_001145920.1 Probe: UPL Probe #34
% L% Forward Primer: | CAGCAAGACTCTGGGCAAG
= Sox9 SRYbox containing gene 9 | NM_011448.4 UPL Reverse Primer: | TCCACGAAGGGTCTCTTCTC
Probe: UPL Probe #66
Forward Primer: | CTTTGCCAAGCCATCCTG
Others | Anxal Annexin Al NM_010730.2 UPL Reverse Primer: | TGGGATGTCTAGTTTCCACCA
Probe: UPL Robe #66
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2.2.7 qRIPCR analysis using doudbige hydrolysis probe technology

Five nanograms of cDNA were used for gene expression analysis using the 7500/7500 Fast Rea
Time PCR System (Applied Biosystems) with 2x gPCR MasterMix (Applied Biosystesisytea
primer/probe combinations at the relevant concentrations described above. FoPgRR analysis

using doubledye hydrolysis probes, standard TagMan cycling conditions were used (Téple 2.
Gene expression was normalised using the relative standange method against expression of

the housekeeping gene$8Sor Ywhaz

Table 24 ¢ Standard TagMan cycling conditions for giFCR using doubldye hydrolysis probes
Data collection was under the FAM channel.

Time (min:sec) Temperature (°C)
Enzyne Activation 10:00 95
Denaturation 00:15 95
Cycling x40
Data Collection 01:00 60

2.3 Histological Staining

2.3.1 Detection of proteoglycans/GAGs with Alcian Blue

Proteoglycans/GAGs were detected by Alcian blue staining using a modified protocd{dvoan

et al, (2012 and Chaet al., (2013. Briefly, cells cultured directly on 2#ell plates were washed
twice with PBS and fixed with io®ld methanol at20 °C for 5 min. Methanol was then immediately
replaced with an equal amount of Alcian Blue 8GX (0.1 % w/v in 0.1)MSi§ehaAldrich Aldrich)

and left at room temperature overnight. Cells were repeatedly washed with water until the water
pipetted off was clear, then cells were left in fresh water for imaging. Cells were imaged using a
Zeiss SV11 stereo widefield micrope (Zeiss) with a colour AxioCam HRc camera (Zeiss) using

AxioVision software (Zeiss).

The amount of Alcian blue staining was quantified using a modified protocol based on Feazier,
al., (2008. Briefly, Alcian blue staining was removed from cultures andbdied with 8 M
guanidine hydrochloride for 6 h with gentle shaking at room temperature. One hundred microlitres
was then removed and placed into a-@@ll plate (Nunc) and absorbance read at 630 nm. The
absorbance of unused 8 M guanidine hydrochloridesvgubtracted from all absorbance readings

before data analysis.
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2.3.2 Immunofluorescence

To ensure adequate antibody penetration in cultures which have been induced to differentiate, due
to the thickness of the developed micromass and the thileaensiona cartilaginous nodules in
monolayer cultures, immunofluorescence was carried out using a modified protocol based on Bader,

et al.,(19998.

Cells were seeded, aaciing to the experiment, onto sterile 13 mm glass coverslips (VWR
International) in a 24vell plate. For immunofluorescent detection of ECM components, cells were
washed in PBS and fixed in ice cold acetone for 5 mig(atC. Cells were rehydrated to ABS
stepwise 10 min incubations from 80, 50 and 20 % acetone/PBS to 100 % PBS at room temperature
Nonspecific sites in the ECM were then blocked in either 10 % normal goat serum + 5 % BSA in PB
or 10% normal donkey serum (Sigikrich) + 5% BSA in PB8pending on the antibody for 2 x

60 min incubations at room temperature. Coverslips were then inverted onto a 50 ul droplet
containing the primary antibody diluted in the blocking buffer on parafilm (Bemis Company, Inc)
overnight at 4 °C in a humidifiethamber. Cells were then placed estie up back into the 2d#ell

plate and washed seven times for 60 min each in TBS. The same process was then used to incubat
with the secondary antibody overnight before seven more washes in TBS to remove residual
unbound antibody. The fifth wash also contained 1 pg/ml-li@midino2-phenylindole (DAPI) to

stain for nuclear content. Coverslips were then mounted onto a glass slide using Hydromount

(National Diagnostics) and kept in the dark at 4 °C until imaging.

Cellswere imaged using either a Zeiss LSM510 META confocal micropscope with an inverted
Axiovert 200M stand or a Leica TCS SP2 UV confocal microscope with an inverted Leica DM IRE
stand. Z stacks were taken at 2 um steps through and beyond positivelysidiiet areas at a
resolution of 2048 x 2048 pixels per slice. Images were then processed using Volocity software
(PerkinElmer, Waltham, MAfluorescence intensity was calculated using ImageJ per slice and the
results per slice added together and divided thg number of slices. Total intensity was then
normalised to the no primary controls by subtracting the total intensity for the no primary

conditions.

A full list of primary and secondary antibodies can be found in Tabkngd. Table & respectively.

2.3.3 Protein Detection by Western Blotting

Western blotting was performed essentially as described in Bakat,, (2012, detailed below.
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2.3.3.1 Preparation afell lysates

Cell cultures were washed twice in ice cold PBS and lysed in either RIPA buffer (50 mM Tris HCI pl
8, 150 mM NaCl, 1 % Triton X100, 0.5 % Sodium Deoxycholate, 0.1 % SDS) (recipe from Abcat
Cambridge, UK) or Urea/Thiourea buffer (7 M urea, thidurea, 4 % CHAPS, 30 mM Tris HCI pH
8.5, 1 mM DTT) (recipe based Mgoka (2008andPeachetal. (2012 O2y Gl Ay Ay 3 | |
and Phosphatase Inhibitor Cocktail (Pierce). RIPA extraction was carried out on ice for at least 30
min with occasional scraping. Urea/thiourea extraction was carried out at room temperature for 15
min. For further lomogenisation, if needed, lysate was transferred to a 2 ml sdfety tube
(Eppendorf) with a sterile ball bearing, and homogenised using-aguied TissuelLyser (QIAGEN)
machine by vigorous shaking at 30 Hz for 30 s. Some RIPA samples were cleasetlblein
material by centrifugation at 4 °C at 13 000 RPM for 10 min and any insoluble material discarded

by placing supernatant in a fresh tube, stored2i °C until use.

For SD®AGE, prepared protein lysates at the desired concentration were mixeceiiligr 5x
reducing or norreducing sample buffer (625 mM Tris pH 6.8, 2 % SDS, 10 % glycerol, bromophenol
0 f dzS 5 -mercaptoettianol). RIR&xtracted samples were denatured by incubating at 95 °C

for 5 min. Urea/thioureaextracted samples were not Bed to prevent carbamoylation of samples.

2.3.3.2 Protein quantification by Pierce BCA Protein AssaygRiB&ed samples)

Protein concentration of RIPéxtracted samples was quantified using a Pierce Bicinchoninic Acid
(BCA) Protein Assay kit, follgvl Y I ydzF I OG0 dzZNENRa Ay aiNHzOGA2yao

Briefly, protein standards of known concentrations of BSA were prepared and 25 pdi jhate
duplicate, ranging fron® ¢ 2000 pug/ml. The same volume of unknown protein samples were also
plated in duplicate. Two hundred micitoés of working reagent at 50:1 Reagent A:Reagent B were
added to each standard/unknown sample and incubated at 37 °C for 30 min. Absorbance was then

read at 562 nm in a spectrophotometer plate reader.

For calculation of protein concentration in unknowamples, the absorbance reading from the
control (0O pg/ml BSA) was subtracted from all standards/samples. A standard curve was prepared
from the average values of the known BSA standards and the equation of the trendline used to

calculate the concentrationf the unknown samples via interpolation.

2.3.3.3 Protein quantification by Pierce 660 nm assay (Urea/thiexteacted samples)

Due to incompatibility of thiourea with the BCA protein assay, protein concentration of

urea/thioureaextracted samples wasetermined using the Pierce 660 nm assay following
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YIEydzZFlI OGdzNENRA AyaildNHzOGAz2yad . NASTFtes wmn «xf
plated in duplicate from 5@ 2000 pug/ml in a 9évell plate. The same volume of unknown protein
samples werealso plated in duplicate before adding 150 pl of protein assay reagent to each well
containing either known or unknown samples. Samples were incubated for 5 min before reading
absorbance at 660 nm in a spectrophotometer plate reader. Calculation of proteicentration

in unknown samples were then carried out as in the BCA protein assay.

2.3.3.4 Preparation of conditioned media for Western Blotting
Cell cultures were washed twice with PBS and media replaced with feeermedium or medium
containing 0.26 FCS. Media samples were collected after 24 h, unless otherwise stated, and were

centrifuged to remove cell debris and stored-20 °C until required.

2.3.3.5 TCA precipitation of conditioned media

To concentrate protein content of conditioned media sdesp trichloroacetic acid (TCA) was added

to collected samples to 5 % and left to incubate overnight at 4 °C. Samples were centrifuged at 6000
g for 10 min at 4 °C. Supernatant was discarded and pellets transferred to microcentrifuge tubes
and were washedwice in ice cold acetone with centrifugation at 13 000 g. Acetone was removed
and pellets allowed to air dry before reconstituting in 1 x reducing sample buffer, followed by

denaturation at 95 °C for 5 min.

2.3.3.6 Protein resolution by SBPAGE

Proteinswere resolved using SEFRGE. Typically, 13D g of protein, or total TCArecipitates of
conditioned media, were loaded onto polyacrylamide gels, with 8 or 10 % resolving gels and 5 %
stacking gel. Samples were run alongside a well containing SpectiaditwlBroad Range Protein
Ladder (Pierce), a pistained molecular weight marker (10 kDa to 260 kDa). Gels were run at a

constant 30 mA per gel until proteins were adequately resolved based on the protein ladder.

2.3.3.7 Semdlry transfer of polyacrylame gels to PVDF

Polyvinylidene fluoride (PVDF) membranes (Imfblot, BIOGRAD) were activated by incubation in
methanol for 5 min. Activated PVDF, thick filter paper {RAD) and resolving polyacrylamide gels
were then equilibrated in semdry transfer bdifer for 5 min before protein transfer at 15 V for 35

min using a Transblot SD Sdbny Transfer Cell (BIRAD).

2.3.3.8 Confirmation of transfer by Ponceau S staining

Transfer of proteins to the PVDF membrane was confirmed by immediately incubating e PV

membranes in 0.2 % Ponceau S in 5 % TCA for 10 min with rocking. Membranes were repeated|y
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washed in ddkD with rocking until excess Ponceau S had been removed, allowing visualisation of
protein bands. Ponceau S was then removed by repeated washesSif Uil clear and then

proceeded to blocking step.

2.3.3.9 Immunodetection of proteins

Depending on the antibody and samples used, membranes were blocked overnight at 4 °C or for
two hours at room temperature in TBS(0.1 % TweeB0) containing either 86 (dried, skimmed)

milk, 5 % milk with 3 % bovine serum albumin (BSA) or 5 % BSA. Membranes were incubated with
primary antibody diluted in blocking buffer for 2 hours at room temperature or overnight at 4 °C
before being washed for 5 times over 60 mirefibranes were then incubated with the secondary
antibody conjugated with horse radish peroxidase (HRP) diluted in the blocking buffer for 60 min
at room temperature and then washed again in TBfdur times over 30 min. Probed membranes
were incubated inri-house ECL (0.24 % luminol, 0.0045 % coumaric acid, 0.83,%460 mM Tris

HCI pH 8.5) for 1 min, which reacts with the HRP enzyme to give chemiluminescence specifically
where the primary/secondary antibody complex is bound, and exposed to photosensitiv
(Amersham Hyperfilm ECL, GE Healthcare) before being developed using an autoradiograph film

processor (Xograph Healthcare).
A full list of primary and secondary antibodies can be found in Tabkna. Table & respectively.

2.3.3.10 Stripping menméanes
To reprobe membranes for different proteins, membranes were stripped using ReBlot Plus Strong
stripping buffer (Millipore) for 15 min before blocking for 2 x 5 min in the desired blocking buffer

and proceeding to primary antibody incubation.
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2.3.311 Antibodies

Table 25 ¢ Details of primary antibodiesWB = Western Blotting; IF = Immunofluorescence

Host Species

Product Concentration

Supplier Clonality Application IDilution
i -Actin Abcam ab8227 Rabbit WB 1:20000
Polyclonal
IgG
i -catenin Abcam ab32572 | Rabbit wB 0.2 pug/ml
Monoclonal
19G
DDR2 Abcam ab126773| Rabbit wWB 1:500
Monoclonal
19G
FLAG SigmaAldrich | F7425 Rabbit wWB 5 pg/ml
(DYKDDDDK Polyclonal
19G
FRZB Abcam ab102811 | Rabbit wWB 5 pg/ml
Polyclonal
19G
phosphai - | Abcam ab38511 | Rabbit wWB 2 yug/ml
catenin Polyclonal
(T41+S45) IgG
RUNX2 Santa Cruz | sc¢10758 | Rabbit wB 2 pug/ml
Polyclonal
I9G
Type ll Millipore AB2031 | Rabbit IF 12.5 pg/mi
Collagen Polyclonal
IgG
Type X Santa Cruz | s¢323750 | Goat IF 4 ug/ml
Collagen Polyclonal
IgG
WNT5A Abcam ab174100 | Rabbit WB 1 pg/ml
Polyclonal
19G
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Table 26 ¢ Details of secondary antibodies usedntibody names are designated as host species,
reactive species, conjugation. The numbers in the antibody name represent the conjugated Alexa
Flwor® dyes, used in IF. HRP = horse radish peroxidase, used in WB.

Antibody ' Supplier Product Code | Concentration
Donkey antigoat488 Molecular Probes | A-11055 4 pg/ml

Donkey antirabbit-488 | Molecular Probes | A-21206 4 ug/ml

Goat antirabbit-488 Molecular Pobes | A-11008 2 pg/ml

Goat antirabbit-HRP Dako P0448 1:2000¢ 1:10000

2.4 Molecular Cloning

Molecular cloning was conducted with the kind help of Dr. Tracey Swingler (UEA).

HPndm DSYSNIGA2Yy 2F O2YLISGSyd 51 ph OSH
hyS O2ft 2y E&scherithia Tdlceld (kindly provided by Dr. Tracey Swingler, UEA) was
inoculated into LB broth grown at 37 °C until an optical density of 0.6 at 600 nm. Cells were chilled
and pelleted at 4000 rpm at 4 °C and washed and resuspended twice in 0.1 MResOspended

cells vere left to incubate at 4 °C for 60 min before 400 pl sterile glycerol was added per 1 ml

aliquotted cells. Aliquots were kept e20 °C.

HOPN®H CNI YAF2NXNIGA2Y 2F 51 ph OStfa

hyS Kdzy RNBER yly23aNryYa 2F LXFaYAR ¢l & dzASR
Plasmid/cell mixtures were incubated on ice for 20 min, heat shocked at 42 °C for 1 min, then
immediately placed back onto ice for2yid ¢ NI YyaF2N¥Y SR 51 ph HSNB | f
antibiotic-free LB for 1 h at 37 °C before streaking onto selective LB agar plates containing 50 pg/ml
kanamycin (SigmaAldrich) (for pJ201 plasmids) or 100 pg/ml ampicillin (Sigidach) (for
pcDNA3L* and pcDNA4 plasmids) and grown overnight at 37 °C. Single colonies were inoculated

into 5 ml selective LB and grown overnight at 37 °C with shaking.

HPndo tfFaYAR Aaz2ftl A2y FNBY 51 ph OSft |
Plasmid DNA was isolated from transforméd ph OStfa o6& dzaAy3a GKS
aAYALNBLI YAG FOO2NRAY3 (2 YIydFl OGdINBNDE Ay
alkaline buffer, neutralised and adjusted to a high salt concentration to aid plasmid binding to the
silica spin caimn. LyseBlue was added to the lysis buffer as a colour indicator to ensure complete
buffer mixing. The silica membrane of the spin columns traps the plasmid DNA during centrifugation

and a series of washes removes endonucleases and reduces the salttcatimeallowing elution
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in nucleaseéree HO. Plasmid concentration was determined as previously described using the

NanoDrop system.

2.4.4 WNT5A amplification and end modification via PCR

WNT5A was amplified from its supplied pCMXi64 vector (Origenelsing primers designed to add
| AYVRLLL YR - K2L NBaliINAOlA2y araidisSa 4G GKS p
remove the endogeous WNT5A stop codon (Figure)2.1

Extension Hindlll Kozak WNT5A

Forward 5’ -AGCTAAGCTTGCCGCCGCCATGAAGAAGTCCATTGG-3"
Reverse 5" -AGCTCTCGAGACCTTGCACACAAACTGGTCC-3"

| | |
Extension Xhol WNT5A

Insertion to keep in-frame

Figure 2.1¢ Primers to amplify and modify the ends of WNT5A from pCMXB4highlighting the
extra sequences upstream and downstream of tW&NT5A gene to allow insertion into
pcDNA4:FLAG, allowing expression of tterminal tags.

t/w gFa OFNNASR 2dzi dzzaAy3 ! O@ldtH) lpecordipg to 5 b !
Y |y dzF | OidstzierieIdesigned with prooéading activity, on 100 ng plasmid with PCR
cycling conditions described in Tabl@.2/arious annealing temperatures were initially tested for
efficiency in PCR amplification, confirmed by gel electrophoresis (dathoain). The PCR product
ga OfSIYySR dzLlJ dzaAy3a vL!D9b aAy9oftdziS t/w
instructions, and then restricted with Hindlll and Xhol to reveal sticky ends to enable insertion into

pcDNA4:FLAG, as described below, aftépgéfication.

Table 27 ¢ Cycling conditions for WNT5A amplification and entbdification with AccuTaq

Temperature (°C) Time (min:sec)

Initial Denaturation 95 01:00
Denaturation 95 00:15

Cycling x35 Annealing 60 00:15
Extension 72 01:00
Final Extension 72 07:00
Hold 4
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2.4.5 Plasmid restriction

HumanWNT3Awas isolated from its supplied pcDNA3 dlasmid (gifted from UCB, Slough) using
Hindlll + Xhol (New England Biolabs) at 37 °C for 15 min follow by 75 °C to inactivate thesenzyme
The pcDNA4:FLAG expression vector set to receive the inserts was also restricted using the sam
enzymes. pcDNA4:FLAG was kindly provided by Dr. Vera Knauper (Cardiff University) and is -
Y2RATASR @OSNEA2Y 27F LIO5b! un dlay kaindBLAG yag.> N
Expressed proteins are therefore tagged with both FLAG and 6xHis atahminus (Figure 2)

[ fiac | extis [}

e e B - _

g =L()\I_ — e p—
22sR8sExEs e Ty |8

| o< I<XaauauaZXaX<oh Q)

Figure 22 ¢ pcDNA4:FLAG mammalian expression vector mam modified versionof

LJIOS5 b ! whisAt(mvitrogen) replacing the V5 epitope with asframe FLAG (DYKDDDLC
tag by Dr. Vera Knauper (Cardiff University). Inserted genes are expressed undejnth
promoter (Cytomegalovirus promoter) for constitutive expression. Transfiectdls can be

A 2 4 oA~

A4St SOGSR F2NJ dzaAy3ad (KS »%S20Ayun aStSOiGAD:!
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2.4.6 Fragment isolation by traditional agarose gel electrophoresis

Restricted samples containing loading buffer were separatetgusgarose gel electrophoresis on
a 1 % agarose gel (Lonza SeaKem GTG Agarose) in TBE buffer containing ethidium bromide alongsi

a DNA ladder (1 kb plus, Invitrogen) running at 120 V.

2.4.7 Recovery of fragments from traditional agarose gel

Bands were gigkly visualised in gels using UV light and excised from the gel. DNA was recovered
FNRY GKS 38t dzaAAy3d GKS vL!'ljdza Ol DSt 9EG NI (
instructions. Briefly, gel pieces are solubilised in a high salt buffer that add#sbinding to the

silica membrane of the spin columns. A series of washes by centrifugation removes impurities such
as agarose and small DNA fragments. A reduction in salt concentration allows elution of the DNA in

nucleasefree HO. DNA recovery was assed by NanoDrop.

2.4.8 Ligation of inserts into pcDNA4:FLAG

Isolated inserts were ligated into the pcDNA4:FLAG mammalian expression vector using T4 DNA
ligase (Roche), incubating at 14 °C overnight at a molar ratio of 3:1, 1:1 and 1:3 of insert:vector,
using 50 ng vector, using the Promega BioMath equation:
i AQCQEl OA‘O‘ EOE@OI’AC}&(HAAC‘DTO
COT AT TCEEA GIAO ¢

2.4.9 Screening for successful ligation

Ligation mixtures were then transformed and cells grown as describedopilyi Plasmids were
extracted and tested for the correct insert by observing the correct bands from a restriction digest
on an agarose gel, as previously described. Plasmid samples from cultures containing the correct
banding patterns were sequenced atusce Bioscience (Cambridge, UK) using T7 forward and bGH
reverse primers. Received sequence information was checked by aligning with the predicted

sequence using the BLASTN sequence alignment tool (NCBI).
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2.4.10 SiteDirected Mutagenesis (SDM) of pcDNBMT3A with QuikChange

Lightning

SDM was performed on pcDNA4:WNT3A using QuikChange Lightning (Agilent Technologies) t
mutate two stop codons into two leucine residues and to put tiierainal tags iAframe with the

ORF (Figure 3. Forward and reverserimers were designed by hand, ensuringd{ Ty ¢/ dz

the following calculation:

v , OXUV_ - . A
Y Y@ md pb' # o Pl EOI AOAE
WhereTnis melting temperature (°Cy%GC= percentage of G or C bases, &t primer length in

bases excluding any insertionsdagletions.

{5a t/w gFa LISNF2NX¥SR LISN YIydzZl Old2NENDRa Aya
forward and reverse primers each (synthesised by Sigtdech). Cycling conditions (Table3R.

were based on the size of the plasmid (~ 6 kb).

Stop Stop
Original Seqguence 5" - CGTGCACACCTGCAAGTAGTAACTCGAG--TCTAGACTACAAGGATG - 37
Frerrrrrrrrrrrr et e rrrrred FErrrrrrrrr e
Forward Primer 5" - CGTGCACACCTGCAAGTTGTTACTCGAGAATCTAGACTACAAGGATG — 37

Leu Leu

Insertion to keep in-frame

Figure2.3 ¢ SDM of WNT3A0 mutate two endogenous Stop codons into two leucine residues and
a two-base insertion to make-terminal tags ifframe highlighted in bold. Reverse primer is reverse
complementary to forward primer.
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Table 28 ¢ PCR Cycling conditisrfor QuikChange Lightning SDM of pcDNA4:WNT3A

18 60 00:10
68 06:00 (00:30/kb)
1 68 05:00

Parental/Nonmutated DNA was removed by restriction with Dpnl to target methylated or hemi
methylaed DNA for 5 min at 37 °C. Dgrdated plasmid was transformed into X@&bld
ultracompetentE. colia dzLJLJX S Y Sy im8réaptaethandd byiincubation on ice for 30 min,
followed by heatshock at 42 °C for 30 sec before immediately plunging back into ice for 2 min.
Transformed cells were allowed to recover for 60 min in 500 pl LB at 37 °C before sper@ding
selective (ampicillin) LB agar plates, incubating overnight at 37 °C. Colonies were picked, grown anc

screened by sequencing as previously described to ensure successful mutation.

2.5 Transfection in ATDCS5 cells

2.5.1 High quality plasmid purificatiby QIAGEN HiSpeed Plasmid Midi Kit
Transfectiorquality LSt F 8 YAR 61 a SEGNF OGSR FTNRBY GNIFyaT2N]
GKS vL! D9b 1 A{LISSR tfFaYAR aARA YAQG LISN YI Vyc
lysed in an alkaline lysis buffer and neutralised. Complete homogenisation wasexddsy the
addition of LyseBlue. Lysed cells are cleared of SDS precipitates by syringe filtration. Plasmid DN;
was then precipitated by the addition of isopropanol, which allows the plasmid DNA to become
trapped in the precipitator module and finally éhd in TE buffer. Plasmid quality and quantity was

assessed by NanoDrop, as previously described.

2.5.2 Plasmid linearisation and purification

For stable transfections, plasmids were linearised at a known position to aid stable integration into
the genome,using Bglll (New England Biolabs) for 2 h at 37 °C. Successful linearisation was
confirmed by agarose gel electrophoresis. Linearised plasmid was then purified by combining with
equal amounts of phenol chloroform, mixed by vortex and spun down at maxigpe&0 min. The
agueous phase containing the DNA was then transferred to a new tube before adding 3M sodium
acetate to 10% v/v. DNA was precipitated via addition of 100% ethanol (2.5x volume), mixed by

vortex and spun down at max speed for 10 min. Suatmt was discarded, the pellet washed in
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70% ethanol, before spinning at max speed again for 10 min. Ethanol was then removed and the

pellet allowed to air dry before reconstitution in nucleasee water.

2.5.3 Determination of optimum selective antilicotoncentration

¢2 RSGSNXAYS (GKS 2LIiAYdzy O2yOSyidNYGA2Y 2F &¢
was performed using 0, 200, 400, 600, 800 and 1000 pg/ml Zeocin. ATDCS5 cells were plated at 2
10* cells/well in a 24well plate with zeocircontaining medium added the following day. Cells were
then observed via phaseontrast microscopy over the following 14 days for death. The
concentration giving complete death after 14 days was then selected for use with stable

transfections (1000 pg/ml).

2.5.4 Transfection with TurboFect

Plasmid DNA was transfected into ATDCS5 cells grown in monolayer until ~70 % confluent using
TurboFect (Thermo Scientific), a cationic reagent that forms poskivelyged complexes with

DNA that allows passage throughSth f ALAR YSYO NI yS> | OO0O2NRAYy 3
Briefly, 1 ug plasmid per 100 ul serdfme DMEM:F12 was used per millilitre of final culture
medium volume. Plasmid diluted in sertfnee medium was incubated with 2 pl TurboFect per 100

pl DNA 6r 15 min at room temperature to allow positivetharged complexes to form.
DNA/Turbofect mixture was then pipetted dregise onto the cells and incubated at 37 °C and left

for up to 3 days, depending on type of transfection, described below. In all,ceesesfection with
LIOSb! nYC[! D 6AGK y2 AYASNI 60SNX¥SR a+8$00G2NJ h

2.5.5 Generation of conditioned media from transiently transfected cells

For transiently transfected cells, DNA/Turbofecintaining media were removed after fiveurs,

cells washed with PBS and replaced with fresh maintenance media containing 0.2 % FCS anc
conditioned for 24 h. Collected media were centrifuged for 5 min at@@0d filter sterilised with

0.2 um poresized Minisart filters (Sartorius). Conditionextdia were kept at20 °C until needed.
Presence or absence of overexpressing protein was confirmed by western blotting for each batch

of medium.

2.5.6 Generation of Stable Clones

For stable transfections, DNA/Turbofemintaining medium was removed aft8rdays. Cells were
washed in PBS, trypsinised, and placed into T75 culture flasks with maintenance medium
supplemented with 1000 pg/ml Zeocin. Medium was replaced eve3ydays, killing cells that did

not take up the plasmid.
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To obtain a monoclonal pomtion, cells were seeded at 0-3 cells/well in a 9&vell plate format

and subsequently gradually passaged, with kind help from Mr. Promise Ogor (UEA), into larger
culture dishes from 24vell plate, to 6well plate, to T25 and finally T75 culture flagkisinc). Cells

were checked periodically for expression of the transfected gene (or lack thereof in vector only

clones) via gqRIPCR and western blotting from cell lysates and/or conditioned medium.

2.5.7 Analysing gene expression in stable clones

Norninduced stable clones were plated in both monolayer and micromass culture for 4 days before

RNA extraction to examine gene expression.

For differentiation, stable clones were plated in monolayer and micromass culture as described for
naive ATDCS cells in the pemice or absence of both insulin and ascorbic acid for 14 Aéys.14
days, cells were stimulated with or without 10 ng/ml OSM (R&D) and 5 ng/mmhIL 6 w3 5 0

maintenance media (no insulin or ascorbic acid).

Due to the length of time needed in some experiments to allow differentiation to occur, all

experiments usig stable clones were conducted in the presence of 1000 pug/ml Zeocin.

2.6 Conditioned Media Stimulation

Naive ATDCS5 cells were cultured in monolayer or micromass in the presence or absence of insulin
and ascorbic acid as before. At day 14, cells were whahd media replaced with neat conditioned
media generated from transiently transfected cells for 24 h before RNA or protein extraction. In
some experiments, 10 ng/ml OSM and 5 ng/mMIbwere added to the conditioned media,

stimulating the cells at thexact same time.

2.6.1 Microarray Analysis

RNA was extracted from stimulated cells as previously described and checked for quality (OD
260/280 ratio between 1.68 2.08) by Nanodrop before sending 15 pl RNA above a minimum
concentration of 50 ng/pl to Almabiagnostics (Craigavon, Northern Ireland) from microarray
analysis using the Mouse Genome 430 2.0 Affymetrix GeneChip. Each condition consisted of three

biological replicatesAll samples were confirmed to pass QC.

Microarray results were analysed with itddales at UCB Pharma LTD (Slough, UK). Results were
normalised using GeneChip Robust Multiarray AveragingRI8&) normalisation and analysed
dzZaAy3a DSySRIGIQa !'ylrfead az2fiél NBd t NB6oSa gA

minimum threshdd of background noise and considered to not be expressed and therefore not
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used for subsequent analysis unless regulated to appreciable levels. Expression levels from probes
were compared across the conditions and expressed as a fold change. Probesiatabérary

cut off of 1.5 fold change with P < 0.05tlestand QValue <0.05 by Benjamikiochberg analysis

were considered significant and used for subsequent analysis. Pathway analysis was carried out
with the significantly regulated genes usihg freely availabl®AVID Bioinformatics Resources 6.7

(National Institute of Allergy and Infectious Diseases).

2.7 Cell Adhesion Assay

Cell adhesion assays were performed using a modified protocol from Messent,(£988, Wells

of a 96well plate (Nunc)weredoil SR ¢ A G K wmnn >f 2F (KS RSAANSI
washed with PBS and blocked with 1% heamatured BSA (Sigm#sidrich) in PBS for 1 h at 4 °C.

The wells were again washed with PBS and ATDCS5 cells plated #t®& & 10f 3k 6 St f -A Yy
free maintenance medium. Cells were allowed to adhere for 60 min at 37 °C, then unattached cells
were flicked off and wells washed with warmed sertn@e maintenance medium. Adhered cells
were fixed in 70% ethanol at room temperature for 10 min and sRineg A G K mnn >f M
blue in 0.01M borate buffer (pH 8.5) for 30 min. Excess dye was washed off and adhered cells were
lysed with EtOH/0.1M HCI (1:1) for 10 min with shaking and absorbance read at 630 nm with a
multiwell platereader. The average atwbance for adhesion to BSA was subtracted from each
value of adhesion to the matrix components, and these new values were expressed as an average
per condition, with the amount of absorbance from the released methylene blue being proportional

to the numbe of cells that adhered to the matrix substrate.

2.8 Random Cell Migration Assay

Random cell migration assays were performed essentially as descrifiddriray, & al., 2013. In

brief, undifferentiated ATDCS5 cells were plated at the desired concentration on reatited

plates in maintenance medium containing 0.2 % FCS and allowed to adhere for three hours in a
humidified incubator at 37 °C with 5% £Qell simulated with either neat WNT3A, WNT5A or
Vector Only conditioned media from transienthansfected cells, and/or stimulated with cytokines

(10 ng/ml OSM and 5 ng/ml-lh 6 gSNB R2yS a2 | FGSNJ G4KSa&as$s
transferred to a motorisedtage within a controlled, humidified environment at 37 °C with 5 % CO
Images were taken every 10 min for 17 h with AxioVision software (Zeiss) using a monochrome
AxioCam MRm camera (Zeiss) attached to a widefield, Axiovert 200M inverted light mieroscop

60%SAaa0d /Stt YAINFGAZ2Y ¢l & Ylydzkfte GNIO1S
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Institute Curie, France) for ImageJ (National Institutes of Health), and expressed as the average cel

speed in um/h.

2.9 Micromass Inverted Invasion Assay

Micromass inverted invasion assays were carried out using a modified protocoHeanigarn et

al. (1994) ATDC5 micromass cultures were plated in the standard 10 pl droplets at’ 2edl&0n|

but onto the top of 6.5 mm 8 um pore tranglls placed into 24 well plates (Corning Life Sciences)
and allowed to adhere for two hours before flooding with 1 ml inswlimd ascorbic acidontaining
differentiation medium, allowing the differentiation medium to flood both the top chamber and
the bottom chamber, covering both sides of the transwell membrane. Micromass cultures were

differentiated for 14 days, carefully replacing the medium eve8/days, as before.

After 14 days, micromass cultures were washed in PBS and stimulated in maintenedicen
containing 0.2 % FCS with or without the addition of 10 ng/mlOSMand5ngil IL F 2 NJ ny K
48 h, micromass cultures were washed in PBS and fixed in ice cold metha®@l°at for 5 min.
Micromass cultures were then washed in PBS and wa2rf0-C8ontaining maintenance medium
before inverting the transwells and plating 100 pl Araduced (undifferentiated) ATDCS5 cells at 1

x 1@ cells/ml on the underside of the transwell membrane in standard 5 %cB@&ining
maintenance medium. Cells weeallowed to adhere for 3 hours before inverting again to place the
transwells the right way up and washing the base containing the frestigred live ATDC5
chondroprogenitor cells in 0.2 % F&#itaining maintenance medium. Transwells were then
placed nto wells containing 1 ml Vector Only conditioned medium and 200 pl chemoattractant
(WNT5A conditioned medium) was placed in the top chamber, or control medium (Vector Only
conditioned medium). In one experiment, 0.2 pg/ml commercial WNT5A (R&D Systethgijfk

from Dr. Victoria Sherwood, UEA) was used or carrier control (from 0.1 % BSA stock). Concentratior
of commercial WNT5A used was based=tstrom et al.(2011)which inhibited WNT3#Anediated
canonical WNT signalling. Cells werevedid to invade for 48 h before culture media were replaced
GAGK ™M Y -m >a/ ROINt GRA VS (i K-A tB staizYive & Bed@cBIR respddtively.

A diagram of thiset-up can be found in Figure 2.4

Transwells were then imaged using a Leica R23J¥ confocal microscope with an inverted Leica
DM IRE2 stand taking images every 2 umotonfa Zstack. The bottom of the transwells were
wiped after confirming the presence of adhered cells before imaging ttack. The first image
was taken from thewiped underside and analysis was carried out using images 10 pum from the

starting position, which equated to the thickness of the membrane. Images were analysed using
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Volocity (PerkinElmer) and expressed as the average number of invading cells péniieidfoom

three fields of view per transwell across two transwells (n=6).

A 14 Da_ys 48 hours
Insulin —  +|l-10/OSM

Ascorbic Acid

B 5 min . 3 hours — 48 hours
Methanol fixation Live cells plated Chemoattractant
gradient
Calcein AM

Ethidium Homodimer-1

Figure 2.4¢ Micromass inverted invasion assay schemati) ATDC5 micromass cultures &
plated onto transwell inserts and stimulated with insulin and ascorkitd to induce
differentiation for 14 days before media removed and replaced with maintenance m
supplemented with or without 5 ng/mi4ah Yy R mn y3Ik Yt h{a F2N
fixed in methanol and live undifferentiated ATDC5 cells plataderneath the transwell. A
chemoattractive gradient is established by adding the chemoattractant (WNT5A) to the tof
and the control condition in the bottom well for 48 hours. C) Wells are flooded with calceir
(green) and ethidium homodimet (red)to stain for live and dead cells respectively befc
imaging with a confocal microscope.
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2.10 Statistical Analysis

{GFOGAEGGAOLE FylLteara gl a LISNF2N) SBst, debdewad S A |
ANOVA with Tukey posibc test, unless otherwise ated, using SPSS software (IBM). Unless
otherwise stated, statistical analyses are only shown between conditions where only one factor has
OKIFy3aSRd ! ff SNNBNJ 6 NA NBLNBaSyid aidl yRFENR ¢
was used to represt statistical significance, depending Bwalue as shown below:

* nonam f t X ndnp

*x nonnm £ t X nodnwm

ok noannnam £ t X ndnnm

el t X nodnnnm
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Chapter 3

Enhancing and Maintaining the Chondrocytic Phenotype in
ATDCS cells by PhysiologicaRelevantCulturing
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3.1 Introduction

3.1.1 Mesenchymal Stem Cells and the ATDC5 chondrogenic differentiation model

Cartilage is a notable tissuerfits extensive extracellular matrix. Chondrocytes and their precursors,
the only cell types resident within cartilage, comprise < 5 % of the total cartilage v@Roné et

al., 2002. Therefore due to the limited number obtainable from cartilage samples, and with
difficulty in maintaining a differentiated phenotype, MSCs (which have the ahilitifterentiate

into chondrocytes as well as other lineages), along with chondrogenic cell lines, are widely used as

an attractive alternativDemoor, et al, 2014.

The ATDC5 chondrogenic cell line, originally described by Atsumi, et al., (1990), is a murine
chondrogenic precursor derived from the AT805 embryonic teratocarcinoma. ATDC5 cells plated in
monolayer can readily and reproducibly undergo chondrogenesth insulin stimulation,
producing aggregates rich in cartilagesociated matrix proteins, and can be maintained and
subcultured in its undifferentiated state in the absence of insulin (Atsumi, et al., 1990). ATDCS cells
may also be stimulated to undergaypertrophic differentiation and mineralisation, enabling
observations over the full spectrum of chondrogenesis from the initial condensation stages and
chondrocyte maturation, to processes associated with endochondral ossification (Shukunami, et al.,
1997). They have also been shown to be transfectdllerimoto & Obinata, 2011Kawaj et al,

2012 Caron et al, 2013 Kobayashiet al, 2013. Taken together, these traits made the ATDCS5 cell
line an attractive cell line to study chondrogenesis, whiah loa genetically manipulated, and to

provide a ready source of chondrocytes that can produce extensive extracellular matrix.

3.1.2 Chondrocytes and physiologically relevant culturing conditions

It has been long established that primary chondrocytes ramldiglifferentiate upon isolation and
expansion using traditionah vitro culturing methods, dowstegulating chondrocytic genes, such

as COL2AXwhich encodes type Il collagergnd upregulating more fibroblastic genes, such as
COL1AD 6 KA OK S y1xhdmSfiypdil KoBageptokes et al, 2001). Redifferentiation of
chondrocytes can occur when isolated chondrocytes grown using physiologicaliglevant
culturing systems that, for example, allow them to regain their spherical shape that occurs naturally
in vivoand to regain their celtell and celmatrix interactions in all three dimensions. One such
system is thehigh-density micromass culture, originally established to induce the chondrogenic
differentiation of isolated chick limb bud ce{,hrens et al, 1977, which has subsequently been

used extensively and routinely for the chondrogenic differentiatbf MSCgBobick & Cobb, 2012
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DiazMendoza et al, 2014 Juhaszet al, 2014 and the redifferentiation of primary chondrocytes

and chondrocyte cell lingSchulzeTanzi) et al, 2002 Banu & Tsuchiya, 200Grecq et al, 2011).

3.1.3 Chondrocytes and Ascorbic Acid

Ascorbic acid is an essentiaHawtor in collagen biosynthesis for the prelghdlysyt hydroxylase
enzymes to produce hydroxyproline and hydroxylysine, stabilising the triple helical collagen
structure and forming intermolecular cro$isks respectivelyMurad, et al, 1981 Pinnell, 1985

The use of ascorbic acid in the chondrogenic differentiating medium of mesenchymal stem cells is
well-established Tropel et al, 2004 Spagnoliet al, 2005 Taipaleenmakiet al, 2008 Markway;

et al, 2010, and the ability for ascorbic acid to induce chondrogenic differentiation of ATDC5 cells
in monolayer in the absence of insulin has previously been stidamy et al, 2010. However, it
remains unknown whether ATDCS5 differentiation may be enhanced by the combination of ascorbic

acid with micromass culture, artis is investigated in this study.

3.1.4 Cartilage Phenotypes

Several different types of cartilage exist within the body, with hyaline cartilage produced in
developing joints. Hyaline cartilage may also be further subdivided depending on its characteristics
and location with the body, praging different functions depending on the type. At the ends of
articulating joints, articular cartilage provides joints with nédetionless movement and cushions

the joints from impact. Loss of articular cartilage during osteoarthritis increaseffriatid joint
stiffness, resulting in pain. Growth plate cartilage on the other hand, undergoes hypertrophic
differentiation in a process called endochondral ossification, which becomes mineralised and
replaced with bone to form and elongate the bone. Artir cartilage and growth plate cartilage

are therefore two different types of hyaline cartilage which serve different functions within the
joint, whereby different genes are regulated to provide the two different phenotypes. It is therefore

important to ascertain the type of cartilage produced ioyvitro culture.

3.1.5 Aims

It was hypothesised that the combined use of ascorbic acid and micromass culture would enhance
insulinrinduced chondrogenic differentiation in ATDCS5 cells. Whilst ATDC5 cells havautiessd

in micromass before, the beneficial effects over monolayer culture were not investigated and so
comparisons were also made with the use of micromass culture compared to monolayer, as well as
the addition of ascorbic acid. Further to this, theuking cartilage phenotypes of differentiated
ATDCS cells under these conditions were also investigated to ascertain the biological relevance for

future studies.
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3.2 Results

3.2.1 Selection of an appropriate housekeeping gene folPgRR analysis

To invetigate changes in gene expression during the course of chondrogenesiBCGfR@&nalysis
was used. To achieve this, a geNorm analysis was first used to identify a suitable housekeeping gent
from a selection of 12 genes that would not alter expression aciossvarious chondrogenic
conditions being investigated, which has not been reported for this experimental set up previously.
More specifically, geNorm analysis was performed on ATDC5 cells grown in both monolayer and
micromass cultures and stimulated witht without insulin to induce chondrogenesis for 14 days,
before RNA extraction. For more detail, please see section 2.1.2 and Rexdlts showed that

Acth, Ywhaz Atp5b, Cycl Rpl13a 18Sand Gapdhwere all suitable housekeeping genes for non
induced @ insulininduced ATDCS cells in either monolayer or micromass cultBigsré 3., with
Ywhazand 18Sbeing used in future experijei & (2 y2NXIfAasS Adny/S S

(encoded bhyActb) being used as a loading control in subsequent western blot experiments.
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BT Ga™ ipaal gdh® UBC opdh 48 432 gyel (8P e pol

Figure 3.1 Identifying suitable housekeeping genes that do not significantly alter express
during chondrogenic culture of ATDCS5 cells via geNorm asialgeNorm analysis performe:
on ATDCS cells grown in monolayer or micromass in duplicate stimulated with or without ii
for 14 days. Genes with & value below 0.5 were deemed acceptable for use as housekee
genes. Line graph produced from geNoNhanalysis using gba%¢Ssoftware. Experiment
performed once.
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3.2.2 Time course of gene expression during ATDC5 differentiation

To investigate gene expression changes over therseo of differentiation, ATDC5 cells were
cultured in micromasses induced to differentiate with insulin, stimulated with and without ascorbic
acid for 7, 14 or 21 days, and compared with culture in monolayer or undifferentiated controls.
Steadystate mRNAevels were examined by gRPICR analysis and preliminary results from one
experiment are showiFigure 3.23.5). Col2al Frzh Tgfbl Tgfb3 Coll0alAlpland Runx2nRNA
expression were analysed due to their roles in chondrogenesis, as well as articlgpantrophic
differentiation. Only significant statistical differences relating to time in culture are shown. No RNA
(NR) was recoverable frorthe insulininduced, ascorbic acistimulated, 21 day timgoint

monolayer conditiorasthis conditionpeeled df and died before the end of the experiment.

Expression offol2al the major marker of chondrocytes which encodes type Il collagen, was
increased with increasing time in micromasses induced to differentiate with insulin (hereafter
referred to as insuliinduced) Figure 3.2 A Frzbexpression, a secreted wnt antagonist and a
marker of articular differentiation, was also increased in a similar fashion in inedliced
micromasses(Figure 3.2 B Expression offgfbl was largely upegulated in insuliinduced
micromassesKigure 3.3 § whilst Tgfb3was largely unchanged with regards to time in culture
(Figure 3.3 B Coll0al which encodes the hypertropkassociated type X collagen, displayed
increased expression with respect to time in instiduced miéromasses (Figure 3.4 A). Similarly,
levels ofAlpl, which encodes the mineralising enzyme, alkaline phosphatase (Liver/Bone/Kidney),
also increased with respect to time in differentiating micromass cultures. However, it was increased
in other conditions smulated with ascorbic acid in both monolayer and micromass cultifigsi(e

3.4 B. Interestingly, Runx2 expression, the major transcription factor driving hypertrophy,
remained unchanged with respect to time in institiduced cultures, but was signidictly up
regulated after 21 days in culture in micromasses that had not been induced to undergo

chondrogenesis with insulin (hereafter referred to as fioduced) Figure 3.k

Based on these results, further experiments were performed at the 14 dayreuiime point,
minimising any potentential hypertrophy whilst still providing adequate chondrogenic
differentiation. This also allowed analysis across all culturing conditions as monolayer cultures

induced with insulin and stimulated with ascorbic aciel béfore day 21 from overgrowth.

69



Col2al
(Type Il Collagen)

>

70.0 - kR
. 60.0 4
=)
< 50.0 4
N
©
£
= 40.0
z
©
% 30.0 A mDay 7
(&) 20.0 ODay 14
a mDay 21
10.0
0.0 ﬁNR e
No Ascorbic No Ascorbic No Ascorbic No Ascorbic
Ascorbic Acid Ascorbic Acid Ascorbic Acid Ascorbic Acid
Acid Acid Acid Acid
No Insulin Insulin No Insulin Insulin
Monolayer Micromass
Frzb
B (Frizzledrelated Protein)
kEkkk
14.0 |_|_‘
12.0
5
< 10.0
N
E 8.0
s &
b
o)
N 6.0 mDay 7
L
ODay 14
4.0 1 @Day 21
2.0 1
ND r-lNR
0.0 — ==
No Ascorbic No Ascorbic No Ascorbic No Ascorbic
Ascorbic| Acid Ascorbic| Acid Ascorbic| Acid Ascorbic| Acid
Acid Acid Acid Acid
No Insulin Insulin No Insulin Insulin
Monolayer Micromass

Figure 3.2¢ Gene expression regulation of articular cartilage markers during ATL
differentiation. Steadystate mRNA levels @ol2al(A)andFrzb(B) were analysed after 7, 1
and 21 days of culture in monolayer or micromass, stimulated with or without insuli
ascorbic acid, normalised téwhazhousekeeping gene. Preliminary experiment perform
oncec time course data not repeated. Sistical analyses performed and shown in relation
time only. NR = No RNA obtained from samples because of cell death. ND = Not detec
values can be found in Appendix Table S3.1
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3.2.3 Morphological differences and visual observations between different ATDC5
culturing conditions

Changes in cell morphology were observed during the 14 day culture permmahdéhduced ATDC5
cells cultured in monolayer or micromass compared to chondrogenic induction with insulin @nsulin

induced) and stimulated with or without ascorbic afid the same time period (see section 2.1.2).

In monolayer cultures, neimduced cellsvere flat and in a confluent sheet, which did not seem to
change upon addition of ascorbic adiigure 3.6 A). Upon insulin induction, cells became smaller,
rounder and more condensed, forming aggregatermed cartilagdike nodules (Figure 3.7), whic

were surrounded by larger, neaggregating cells, suggesting a mixed population of cell
morphologies. This was regardless of the stimulation with or without ascorbic acid as seen by the
lack of differences seen between Figures 3.6 C and D which diggans absent of these
aggregates. However, these aggregates were numerous when stimulated with ascorbic acid when

observed at lower magnifications or with the naked eye.

In nontinduced micromass cultures, after 14 days, cells were flat and resembledayencultures

in appearance under the microscopEidure 3.6 #). The central micromass in némduced
cultures became hard to see with naked eye with time, but was slightly more evident with addition
of ascorbic acid. In contrast, insulimduced micromass cultures were very evident by the naked
eye. Cells were very condensed across the entirity of the central microrrapsd 3.6 &)
indicating a more uniform population of differentiated cells compared to ingalinced
monolayer cultures. Finallyddition of ascorbic acid had no discernable effect on cell morphology
in insulininduced micromasseslthough the vast majority of cells are largely obscured by the sheer

density of the produced matrix when cultures had been treated with ingBigure 36 GH).
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Figure 3.6¢ Morphological changes during ATDCS differentiatiohnTDC5 cells were grow
for 14 days in monolayer or micromass culture, stimulated with ithaut insulin (to induce
differentiation) and stimulated with or without ascorbic acid. Images were taken at ran
locations within the wells using a phase contrast microscope at 10x mag. No differenc
observed at this magnification between stimutat with or without ascorbic acid. Cartilage
like nodules are not visible in the monolayer images (please see Figure 3.7 for an exar
the same magnification to highlight the feature). Images of experiment taken once
observations made >5 times. $&dar = 100 pm
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Figure 3.7¢ Cartilagelike nodule of ATDCS5 cell&\ggregates formed in insulinduced ATDCE
cells culture in monolayer, surrounded by raggregating cells. Image taken after 14 de

induction by phase contrast microscopy at 10x maggtiibe.

Image taken from samq

experiment as in Figure 3.6 at the same magnification and resolution, but focussing di

on a cartilagdike nodule not visible in Figure 3.6. Scale bar = 100 pm
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3.2.4 Ascorbic Acid enhances proteoglycan deposition in both monolayer and
micromass cultures

Fixed altures of ATDCS cells grown for 14 deyth and without insulin induction and ascorbic acid
stimulation werestained with Alcian Be to visualise proteoglycan depositi¢gsee 2.3.1)Little
staining was observed in monolayer cultures which were not induced to differentiate with insulin
or stimulated with ascorbic acidrigure 3.8 A Little staining was also ofawed in norinduced
micromass culturesKigure 3.8 E consistent with the morphological changes seen by phase
contrast microscopyHigure 3.6 E This result suggests that micromass culture alone is not enough

to stimulate chondrogenesis of ATDCS5 cells.

Addition of ascorbic acid to both nénduced monolayer and micromass cultures resulted in slight
staining with Alcian Blud-{gure 3.8 BHFbut this was not deemed significant upon release of the
dye Figure 3.9, indicating that ascorbic acid stimulati@lone was unable to significantly induce

proteoglycan deposition, and thus chondrogenesis.

Induction of chondrogenesis with insulin in monolayer cultures resulted in cadiileg@odules

that stained deeply with Alcian Blu&igure 3.8 I; consistentwith the original ATDCS5 report
(Atsumi et al, 1990Q. Large areas in these cultures which did not stain with Alcian Blue indicate
areas of cells which presumably did not deposit proteoglycargesting a mixed population was
observed of differentiated and undifferentiated cells, consistent with the mixed cellular
morphologies observed by phase contrast microscopy. Quantification of Alcian Blue staining by
measuring the absorbance of the Alcianudl released from the cultures by guanidine
hydrochloride, revealed a significant increase in staining with the addition of ascorbic acid to
monolayer cultures Kigure 3.9, however, the heterogeneity of the cell population remained
(Figure 3.8 I In contast, insulininduced micromass cultures were homogenously stained with
Alcian Blue, suggesting a more uniform population of cells withiRigiufe 3.8 G+H Culture in
micromass, regardless of the presence or absence of ascorbic acid, significantgedcAdcian

Blue staining compared to their monolayer counterparts. Addition of ascorbic acid further
increased the amount of Alcian Blue staining compared to indudinced micromass cultures
(Figure 3.9resulting in deeper staining of the central micrass, surrounded by a greater halo of

stained matrix produced by migrated, differentiated cefiggure 3.8 M

These findings indicate that both culture in thrdamensional micromasses and stimulation of
ascorbic acid can enhance instiliduced differatiation of ATDCS cells, but cannot significantly

induce chondrogenesis without the addition of insulin after 14 days of culture.
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Figure 3.8 Alcian Blue staining comparison during differgation of ATDCS5 cells after 1«
days in monolayer and micromass stimulated with or without insulin or ascorbic ac
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3.2.5 The effect of micromass culture and ascorbic acid stimulation on gene
expression of ATDCS cells for 14 days

Toidentify the individual and synergistic effects of ATDCS5 culture in micromass and stimulated with
ascorbic acid, gene expression analysis was carried out after the chosen 14 day culture period on
genes known to be related to chondrogenesis and cartilagenptype. This experiment was

repeated 3 times and the most representative example of each gene shown.

3.2.5.1 Chondrogenesis/Aatilar Differentiation

Col2alexpression was significantly increased after 14 days of culture using the traditional culturing
method, as expected. This was significantly increased upon induction with insulin when put into
micromass culture, and even further increased when combined with ascorbic acid stimulation
(Figure 3.10 A). Without chondrogenic induction with insiizbwasnot expressed to appreciable
levels consistently Gk o p 0 @ ! L2 Y A ghivdz ekpyessady vihidrOnad Sgyifcantly
increased in micromass culture when compared to monolayer culture, regardless or ascorbic acid
stimulation (Figure 3.10 B). Conversely, an overall trend towards a reductereoi (gremlinl)
expression was observed with increasing chondrogenesis with an additional decrease in expression
due to micromass culture in neinduced cells (Figure 3.10 C). A significant increaskgibl
expression was seen upon the induction of chonéroggis with insulin in micromass cultures in

the presence of ascorbic acid compared to #ieduced micromass cultures in the presence of
ascorbic acid. In two of three experiments, addition of ascorbic acid also trended towards an
increase inTgfblexpres#on in insulininduced micromass cultures compared to instiiduced
micromass cultures without ascorbic acid (Figure 3.10r8fplexpression in monolayer cultures

was not consistent between three experiments and so not shown.

Levels ofAcanmRNA, whictencodes the core protein of aggrecan, could not be detected to any
appreciable level @Gk o p 0 X  WibtZa YWAtSagDkk3ad Col9al(type IX collagenglthough

known positive controls were not tested for theassaygdata not showi).
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3.2.5.2 Hypertrophic Differentiation/Mineralisation

In two out of three eperiments,Coll0alexpression was barely detected in nouced cells,
becoming expressed with insulin induction when combined with culture in micromass and/or
stimulation with ascorbic acid, with a signficiant increase with the combination of micromass
culture and ascorbic acid stimulation when compared to either micromass culture or ascorbic acid
stimulation alone in insulimduced cells Kigure 3.11 A However, in one out of the three

experiments, naColl0alexpression could be detected (data not shgw

Ddr2expression was seen to be decreased upon ingatinction of ascorbic acigtimulated cells
and was dowrregulated in norinduced micromass cultures compared to Aioduced monolayer
cultures. Expression did not change in micromass cultures uygutin induction or ascorbic acid

stimulation EFigure 3.11 B

Runx2 the major transcription factor driving hypertrophic differentiation, was not significantly

regulated by any conditioriF{gure 3.11 C

In two out of three experimentsAlpl, which encdes the liver/bone/kidney form of alkaline
phosphatase, was significantly -uggulated upon insuliinduction of ascorbic acidtimulated
monolayer cells and micromass cultures in the absence of ascorbidfmidas also upregulated

in insulirinducedmicromass cultures in the absence of ascorbic acid compared to monolayer and

up-regulated in the presence of ascorbic acid in insuituced monolayer cell$-{gure 3.11 P

Tgfb3was downregulated upon insulin induction of both monolayer and micromaskures.
Micromass culture also significantly dowegulated Tgfb3 expression in notinduced cells.
Ascorbic acid stimulation did not significantly alfgfb3expression, although a clear trend towards

down-regulation is seen with increasing differentat (Figure 3.11 E
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3.2.5.3 CCN Growth Factors

Of the CCN family of growth factors, expressio@y6landCtgfwere readily detected. Expression

of Cyr6lwas significantly decreased upon chondrogenic induction with insulimonolayer
cultures in the presence of ascorbic acid. A similar trend was seen in micromass cultures, although
this did not reach significance. Culture in micromass had no effect on the regulatoyr@tin

comparison to monolayeiFgure 3.12 A

In caontrast, micromass culture significantly dowegulated Ctgf expression in nofinduced cells
(Figure 3.12 B Ctgf expression was also downegulated upon insulin induction of monolayer
cultures. The reduced levelsGfgfexpression in micromass culturegsg not modulated by insulin
induction or ascorbic acid stimulation. Interestingly, ascorbic acid stimulation significantly up
regulatedCtgfexpression in noinduced monolayer cell$-{gure 3.12 B Expression dfiov, Wisp1l

and Wisp2were not consistentacross experimentd/Nisp3was not detected in any experiment

(data not showi.
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Figure 3.12¢ Changesin CCN gene expression during ATDC5 differentiatidilormalised
steadystate mMRNA expression levels@jr61(A) andCtgf(B) were measured after 14 days
culture in monolayer or micromass, stimulated with or without insulin or ascorbic ¢
Experimentperformed three times and representative experiments are showrvallies may

be found in Appendix Table S3.7

* = significant compared to Monolayer.
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3.2.6 Type X Collagen is immunolocalised to a restricted region within the centre of
micromasses

Despite an increase in the articular markeeh Col10almRNA expssion, a hypertrophic marker,

was also increased with increasing chondrogenesis. To elucidate whether the majority of the
culture was undergoing hypertrophic differentiation or whether this was restricted to particular
cells/regions, type X collagen prateexpression was explored by immunocytochemistry alongside
type 1l collagen expressioon fixed cells that had been cultured using the same conditions
described aboveln insulininduced monolayer and micromass cultures stimulated with ascorbic
acid, vey little type X collagen protein was detectexhd only in one of two experimentBetected

type X collagen protein was largely found to be restricted to within the centre of the micromass,
which mainly appeared to be localised close to possibly the wdiice, although no cell surface or
PCM marker was used to confirm tiiggure 3.13)L y i NA 3dzA y It 8> y2 (@& LIS
were found in monolayer cultures (Figure 3.1AJthough Col10almRNA levels increased with

increasing chondrogenesihiese results suggest little hypertrophic differentiation.

In contrastto type X collagentype Il collagen protein was highly expressed in the interstitial matrix
throughout the entirity of the cartilagdike nodules in monolayer culture and the microm@sgure

3.13. Interestingly, culture in monolayer gave rise to a higher average fluorescence intensity of
type Il collagen compared to micromass culture (Figure 3.15). Howthigris based from one
experimentwith only two fields of view from one cultea per condition. Although a second
experiment was performed, quantifiable analysis cannot be carried as some samples cannot be
normalised due to a lack of no primary control as they were destroyed accidentally during handling
during the staining procesdue to their delicate nature. As such, further repeats with additional
fields of view per well and additional wells per condition are necessary to confirm this finding

statistically.
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Figure 3.13¢ Optical sections of differentiated monolayer and micromass culture
immunostained for Type Il Collagen and Type X Collageells were differentiated with
insulin in thepresence of ascorbic acid for 14 days in monolayer or micromass cultptieal
sections were taken using laser confocal microscopy for either Type II Collagen or ~
Collagen (both white). Nuclei were stained using DAPI (cyan). Monolayer images
represent cartilagdike nodule. Cartoon representation of micromass highlights the loca
of the sections shown. Orange = cross section. Blue = sagittal section derived computal
from multiple images in they plane along thez-axis. N=2. Type Gollagen detected in onh
one experiment. Scale = 30 um.
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3.2.7 Confirmation of hypertrophic gene expressiomestern blot

Western blot analysis was used to confirm whether patterns of gene expression of hypertrophy
related genes were also true at the protein level to identify the state of hypertrophic differentiation

in this ATDC5 model.

DDR2 protein was found be consistently decreased with increasing chondrogenEgjsie 3.5),

in contrast to the mRNA level which remained unchanged in micromass culkigese( 3.11 B
Expression of RUNX2 protein remained largely uncharigigdre 3.1% although in one bthree
experiments, a clear decrease was seen in a similar fashion to DDR2 expression. On the other hanc
WNT5A, known to inhibit hypertrophic differentiatigBradley & Drissi, 20)0was increased upon

chondrogenic induction with insulifrigure 3.1, althoughthis was only tested once.

Together, this suggests that with increasing chondrogenesis, hypertrophic differentiation is

inhibited or limited.
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after 14 days of culture in monolayer or micromass, stimulated with or without insuli
ascorbicacidd lj dzt £ f2FRAY3a 2F LINRBUOSAY TF2N ¢&dnj
shown to be stably expressed in this culture system at the mRNA level. PredicieDR2
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3.3 Discussion

3.3.1 Chondrogenic differentiation of ATDC5 cells over time

Expression levels dfoll0aland Alpl (alkaline phosphatasgfwo genes well charactised to be
involved in the hypertrophic stages of chondrogenesis and endochondral ossification, were
increased with respect to time in micromass culturfeég(re 3.4 Conversely, expression©bl2al
TgfblandFrzbwere significantly ugegulated over timeKigure 3.2 and 3.3)Athree genes known

to be involved in chondrogenesis and the articular phenotype. Therefore based on these data, the
14 day timepoint was chosen to conduct further experimentaestigating ATDCS5 differentiation,
since hypertrophic differentiation was less advanced at this stage compared to the 21 day point,
whilst still increasing chondrogenesis over the 7 day time point. Furthermore, since a goal was to
investigate the impaadf each factor in the different models (threimensional culture, insulin and
ascorbic acid), not all comparisons would be able to be made at the 21 day timepoint as insulin
induced ATDCS cells stimulated with ascorbic acid die from overgrowth and detacthe culture

vessel.

3.3.2 Micromass culture enhances instiduced ATDC5 chondrogenesis

This study has shown enhanced chondrogenesis in ATDCS5 cells cultured in micromass by the
increase inCol2alexpressionFigure 3.10 Aand proteoglycan depositio(Figure 3.9, which was

more homogenous compared to monolayer cultures (Figure 3.8), suggesting a more uniform
population of differentiated cells compared to large areas of undifferentiated cells in monolayer
cultures. Although ATDCS cells have beerucett in micromass previousfiyodewyckxet al, 2012

Sun & Beier, 2004 this appears to be the first tien the beneficial effects of micromass
differentiation have been directly compared to monolayer differentiation. Micromass culture alone
appears to be insufficient to induce maximal chondrogenesis in ATDCSaglie(3.5 E; 3.6; 3.7

unlike in chick limtbud cells which were used in the original micromass experir(f&mtens et al,

1977).

3.3.3 Ascorbic Acid enhances ATDC5 chondrogenesis

The use of ascorbic acid in the culture of primary chondrocytes is well established to promote stable
collagen structures. Ascorbic acid has also previously been used in the culture of ATDCS5 cells,
primarily in the induction of hypertrophic differentiation and mineralisation, whereby after 21 days,
CQis dropped from 5% to 3% and DMEM/F12 culture medium is @fl&R -MEM (Shukunami

et al, 1997 Shukunamiet al, 1998 Swingler et al, 2012, which contains ascorbic agidltaf, et

al., 2006. One study identified that ascorbic acid was capable of shortening the prechondrogenic

91



proliferation stage of ATDCS5 cells from 21 days to 7 days when cells hagreestimulated with
ascorbic acid (in the form of ascorbatgpBosphate) for 7 days before chondrogenic induction with
insulin for 21 day$Altaf, et al, 2009. The effect of ascorbic acid on proliferation has also been
seen in primary bovine chondrocytes,using an increase in cell density and cell numparing

et al, 1994. Although this was not directly tested in this thesis, ascorbic acid did increasarcellu
aggregation in the form of nodules, which appeared apparantly larger and more num&iguss(

3.8), which was also described by Altatfal. in prestimulated ATDCS cells.

In addition, several studies have shown in chondrocytes that ascorbic atientance levels of
type 1l collagen mMRNA and/or protdidajek & Solursh, 197Dozin et al, 1992 Altaf, et al, 2006
Cigan et al, 2013 and proteoglycan expression/GAG contéHering et al, 1994 Priddy; et al,
2001 Altaf, et al, 2006 Cigan et al, 2013), which was also seen in this thesis (Figures 3.6, 3.7 A),

and could further enhance the already increased chondrogenic effect of micromass culture.

However, Ronziereet al., (2003 reported that whilst ascorbic acid increas€®DL2AExpression

in bovine chondrocytes cultured on collagen sponge scaffolds, there was no change in matrix
deposition of collagen or GAG content. On the other hand, Prietdgl,, (2001) noted that whilst
ascorbic acid increased GAG content in canine chondrocytes culturedraseggels, the effect on

type Il collagen as measured by immunohistochemistry, was minimal. However, this may be due to
the hydroxyproline already present in the RPMMO medium used, since hydroxyproline, which
stabilises the collagen structure, is theguct of the enzyme prohthydroxylase, of which ascorbic

acid is the cdactor. Therefore the addition of exogenous ascorbic acid may not have an additional
effect over the hydroxyproline already present in the medium, suggesting the beneficial effect o

ascorbic acid may be dependent on the culturing conditions.

Together, this indicates ascorbic acid is an important factor in enhancing chondrogenesis, and in

particular in ATDCS5 cells cultured in micromass.

3.3.4 Micromass culture and ascorbic acid statnon inhibit hypertrophic
differentiation and promote articular differentiation

Articular cartilage and growth plate cartilage (which undergoes hypertrophic differentiation) have
different functions within the body and thus have two different phenotyp@&sicular cartilage
escapes the hypertrophic process in order to provide its protective effects on the joint from various
forces, whereas growth plate cartilage undergoes hypertrophy during endochondral ossification in
order to produce and elongate the he. These phenotypic differences are therefore important to

distinguish when studying cartilage to identify the biological relevance of the model.
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gRTFPCR and protein analysis revealed that hypertrophic differentiation, which can be problematic

in chondrognesis cultures vitro, whilst expression of chondrogenic or articular factors increased.

3.3.4.1 Type Il Collagen and Type X Collagen

Expression ofoll0alwas seen to be increased with increasing chondrogenesis in ATDC5 cells
(Figure 3.11 A which hagreviously been reported in ATDCS5 cells induced to differentiate with
both insulin and BMR (Shibuyaet al, 2013, and in ATDC5 micromass cult{ein & Beier, 2034
However, little type X collagen protein was detected after 14 days of inductiehwas primarily
immunolocalised to the centre of the micromass, possibly in the pericellular region with some faint
staining in the interstitial regiorHgure 3.13 Colocalisation with other PCM components, such as
type VI collagen or perlecan, would beeded to confirm type X collagen in the PCM of this culture,
although type X collagen has been previously found to be localised to the pericellular region of

chondrocyteqMorrison, et al, 1996 Boos et al, 1997.

In comparison, type Il collagen, which is characteristically decreased during hypertrophic
differentiation (Weiss et al, 2010 was widespread throughout the micromass and cartikike
nodules in monolayer culture in the institial ECMglre 3.13 and was significantly aggulated

by both micromassulture and ascorbic acid, which was further increased when combined together

at the mRNA leveHgure 3.10 A

3.3.4.2FrzbandGrem1

Upon ATDCS5 cell differentiatioRrzbexpression was induced and was significantlyegulated by
micromass culture {Gure 3.10 B)Frzbhas been previously identified as a marker of articular
cartilage, which is highly expressed in articular cartilage, along@®vigm1(gremlin 1) compared

to growth plate cartilaggLeijten et al, 2012 and osteophytic cartilagéGelse et al, 2012,
suggesting results presented in this thesisyrsow articular differentiation in ATDC5 cells, which

have commonly been used instead to model endochondral ossification when inducing hypertrophy.

Attempts at confirming FRZB expression at the protein level were made, however, reliable
detecton and itsSFF SO0 a 2F (KS LIKe@nidehNEviouldiisiRatezeitheri S
FOGAGIGAZ2Y 2N AY K A-catetird@ygndedt WNTI $igBalling lpafvsyl @Ging |

antibodes bought from Abcam could not be achieved by western blotting (data not 3hown

Overexpression dfrzbin ATDC5 micromasses has been shown to significantly enhance the levels
of the chondrogenic marker€ol2aland Acan (aggrecan) whilst silencing ofFrzb inhibited
chondrogenesifodewyckxet al, 2019. Furthermore, stimulation of differentiating hBMSCs with
FRZB downegulated the hypertrophic markeSLPLland COL10A%&Nd decreased mineralisation,
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with the authors suggesting that ER acts as a natural brake on hypertrophic differentiation
(Leijten et al, 2012.

Interestingly, this thesis showed th&remlexpression decreased with ine®ng chondrogenesis
(Figure 3.10 C). However, althou@remlhas been found to be highly expressed in articular
cartilage, recombinant human Gremdin has been found to inhibit chondrogenesis in chick
embryos(Merino, et al, 1999. It may therefore be interesting to examine h@vemZlexpression

changes throughout the course of chondrogenesis.

3.3.4.3 CCN Growth Factors

3.3.43.1 Cyr6l

With increasing chondrogesis, a trend to a reduction i@yr6lexpression was seen (Figure 3.12
A), in agreement with previous findings in hBMS@syhich it was highly expressed prior to
differentiation (Schitze et al, 2005. Treatment of mouse limb bud cells with CYR6NC@as
been shown to increase cell aggregation in suspension culture and micronfd&sss et al, 1997,
indicating a role in the early stages of dalbogenesis, which may explain the dowegulation in

the most differentiated cultures (with ascorbic acid stimulation in inswduced cells), and not in
less differentiated cells in monolayer without ascorbic acid stimulation (Figure 3.12 A). Adbjitiona
Cyr61- mice die early in development, making detailed skeletal analysis difficult, although no

obvious skeletal phenotype was observed by the time of d€slih, et al, 2002.

3.3.43.2 Ctgf

Ctgf expression was found to be significantly decreased in differentiating monolayer cultures of
ATDCS cells (Figure 3.12 B). No effect was observed in differentiating micromass cultures, likely due
to the already decreask expression ofCtgf as a result of micromass culture compared to
undifferentiated monolayer cultures. This reduction @igf expression with threelimensional

culture has previously been described in breast cancer cells irrespective of the nature lofethe t
dimensional culturgBarbolina et al, 2009. Interestingly,Ctgf expression has previously been
reported to be increased in ATDC5 monolayer cultures lilave been induced to differentiate with
insulin for 14 days compared to earlier timepoirftgfont et al, 2005, although this was not

compared to undiffeentiated cells that had been grown for the same timeframe, as in this thesis.

CTGF/CCN2 involvement in hypertrophy has been well established and is strongly expressed ir
hypertrophic chondrocytegMoritani, et al, 2003 Huang et al, 2010, correlating withCol10al
expression over the timecourse of differentiatithuang et al, 2019. CTGF/CCNZ2, via stimulation

and overexpression, has been shown to increase type X collagen mRNA/protein expression in a
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human chondrosarcoma cell lin@Nakanishi et al, 2000, rabbit growth plate chondrocytes
(Nishida et al, 2002) and rabbit auricular chondrocytefujisawa et al, 2008, although
interestingly not in rabbit articular chondrocytéNishida et al, 2002. Global knockout o€tgfin

mice results in perinatal lethality minutes after birth from respiratory troubles brought upon by
severe skeletal abnormalities. In these mice, an enlarged and disorganised hypertrophic zone is
observed, with a decrease in aggrecan and link protein. Despitentarged hypertrophic zone,
Ctgf- mice also have decreased amounts of VEGF in hypertrophic chondrocytes, another marker of
hypertrophy that is important in growth plate angiogeneidovic et al, 2003. Downregulation

of Ctgf with increasing chondrogenesis in ATDC5 cells may therefore suggest inhibition of

hypertrophic differentiation in this system.

Additionally, CTGF/CCN2 has also beenlioaied in tke initial condensation stages of
chondrogenesigSong et al, 20073, perhaps explaining the significant increase in expression in
cells which had been stimuladewith ascorbic acid in the absence of insulin (Figure 3.12 B) which

have shown signs of early chondrogenesis from incre@s®#alexpression (Figure 3.10 A).

3.3.43.3 Nov, Wispl, Wisp2 and Wisp3

Expression patterns diov, Wispland Wisp2were not consitent across experiments, anlisp3

was not detected in any experiment. However, previous reports have siNmvito be increased

over time during insulifinduced chondrogenesis in ATDC5 cells, peaking at dagf@nt et al,
2005h), and has been shown to be expressed in the prehypertrophic and hypertrophic zones of the
murine embryonic growth platéYy et al, 2003. Gelsegt al,, (2012 found Wisp3to be highly
expressed in articular cartilage compared to osteophytartilage, howeveWisp3could not be
detected in this present system using two different sets of primer/probes, one designed using the

Universal ProbeLibrary (Roche) and one designed by PrimerDesign LTD (Southampton, UK).

3.3.4.4AMmp13

In addition to ncreasing type X collagen and decreasing Type Il Collagen, hypertrophic
differentiation is also defined (amongst other factors) by an increase in alkaline phosphatase
activity, which produces R® leading to mineralisation; MMP13 expression, involved he t
remodelling of the matrix; and RUNX2 expression, which is the major transcription factor driving
hypertrophic differentiation(\Weiss et al, 201Q Studer, et al, 2012. In this system, n&mp13

was detected across any condition, although it has been detected by others in ATDCS cells at similar
time points in differentiating monolayer cultur€g/ang et al, 2009, and has been shown to be
enhanced by ascorbate stimulation in ATDCS5 cells which werstipnellated for 7 days with

ascorbate Zohosphate before inductionvith insulin (Altaf, et al, 2006. As confirmation of a
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working primer/probe set used in this study, the primer/probe sequences useMfopl3have

previously been used successfully by another group in this department (personal communcation).

3.3.4.5AIpl(Alkaline Phosphatase)

On the otherhandAlpl, which encodes the liver/bone/kidney isoform of alkaline phosphatase, was
significantly increased by ascorbic acid in differentiating monolayer cultures, but was not regulated
by ascorbic acid in differentiatingicromass cultures, likely due to the signficant increase by insulin
in micromass cultured={gure 3.11 D However, further analysis would be needed to identify the
effect of increasedAlpl expression on mineralisation of ATDC5 ECM by measuring alkaline
phosphatase activity, which has previously been detected in differentiating ATDC5 cells in

monolayer(Mushtag et al, 2002 Nakatanj et al, 2007 Mitani, et al, 2013.

odbodndc ¢DCI

3.3.4.6.1Tgfh3

With increasing chondrogenesis, a decreasing trend in the leviegfbBwas observed, which was
also significantly dowanegulated by micromass culture in undifferentiated cells (Figure 3.11 E). The
use of adding variousisofsra 2 ¥ ¢ DCi SE23Sy2dzatée G2 &GAYdzZ |
LI NI A Odzf F NI & ¢ XGhdwdhiuri( & al,d2@1$ Sofgtet af; POCI Tay, et al, 2019,
including in ATDCS ceflgare, 2005Zhaij et al, 2013. Tgfb3has been shown to be dowregulated

at the same timepoint (day 14) in ATDCS5 cells by microarray an@¥sin et al, 2005, becoming
up-regulated in ATDC5 cells when induced to undergo hypertrophic differentiétlan et al,
2008. Further to this, D C i-mediated induction of hBMSCs, in addition with BMP6, has been
shown to promote a more growth plate phenotype, with dowegulation of the articular markers
DKK1(dickkopf 1) FRZEBand GREMXgremlin 1) and upregulation ofLEFIand PANX3pannexin

3), which are upregulated in growth plate cartilage compared to articular cartilfgsjten et al,
2012.

3.3.4.6.2Tgfb1

Tgfbl expression was significantipareased by insulin induction in micromass cultures in the
presence of ascorbic acid and trended towards increased expression by the addition of ascorbic
acid in insulih Y RdzZOSR YA ONR Yl &4 Odz ( deneBigted indbidtichdoNES
chondrogenesifas been reported to result in significantly less matrix mineralisation compared to

¢ D C-metiated chondrogenic induction of hBMS(Cals et al, 2019 and has ken shown to

inhibit hypertrophic differentiation in rat epiphyseal chondrocy{Ballock et al, 1993.
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The findings in this thesis correlate with these poes reports suggesting an inhibition of

hypertrophy with decreasingigfb3and increase ifgfblexpression.

3.3.4.7 RUNX2

No changes iRunx2expression were obserbed between 7, 14 and 21 days of culture in monolayer
or micromass in insulinduced cell{Figure 3.5). At day 1&unx2expression was not regulated

by any culturing condition, which was also confirmed at the protein level in two of three
experiments (Figure 3.11 C), suggesting hypertrophic differentiation was not induced. Reports have
previouwsly showrRunx2expression increases with time in differentiating ATDC5 cells in monolayer
culture by day 14Wigner, et al, 2013, however, this study suppleented chondrogenic medium

& A U-@lyceérophosphate, a known inducer of matrix mineralisa(arrel| et al, 2017, which is
typically added in media to inducsteogenesis of MS@Shq et al, 2014 GawronskaKozak, 2014

Peng et al, 2014.

RUNXs a transcription factor, strongly expressed in hypertrophic carti(&tigashikawaet al,

2009 that regulakes transcription of various hypertrophglated genes, includingmpl3
(Boumah.et al., 2009 Shimizugt al., 2010 and Coll0al(Takeda et al, 2001, Higashikawaet al,

2009. As such, it would be intesting to immunolocalise its expression to see whether RUNX2
translocates to the nuclei of the few type X collagmsitive cells or in any other cells in the
differentiated conditions. This would indicate activation of RUNX2 which may promote expression
of various hypertrophyrelated genes and may give a clearer indication of any potential further
(pre)hypertrophic regions within the thredimensional cultures, which appeared to be minimal

and restricted according to the type X collagen staining.

3.3.4.8 DR2

DDRZ2 is a receptor tyrosine kinase that preferentially binds type Il collagen which can stimulate
hypertrophic differentiation in response to DDR2 ligatifPulsatellj et al, 2013. Such an
interaction is normally preventented by an intact PO, et al, 2011). This thesis has shown that

at the mRNA leveDdr2expression is downegulated in monolayer cultures when induced with
insulin in the presence of ascorbic acid. No changes were observed due to insulin or ascorbic acid
due to the already decreasdelvels in micromass cultur€igure 3.11 B At the protein level, DDR2

was downregulated with increasing chondrogenesigure 3.1% Ddr2 mRNA expression has
previously been shown to be very slightly-tggulated at day 14 in ATDC5 monolayer cultures
compared to earlier timepoint§Zhang et al, 201J). However, this was not compared to ATDC5

cells that had been maintained undifferentiated for the same timeaqek as in this thesis.
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Knockdown oDdr2in ATDCS5 cells has been shown to decrease mRNA expresBionxKawaj
et al, 20129 and inhibit RUNX2 protein activation and binding to DNA, leading ¢gr@dseCol10al
expression(Zhang et al, 2011). Additionally, overexpression BDRzhas been shown to increase
MMP13expression in human OA chondrocy{eg et al, 2009, which was not detected in this
study, further suggesting inhibition of hypertrophy in micromass and ascorbiestiridlated

ATDCS5 cultures.

3.3.4.9 WNT5A

At the protein level, WNT5A was observed to be increased upon insulin induction of ATDCS5 cells
(Figure 3.1Y. Studies have shown that stimulation of micromass cultures with exogenous WNT5A,
or overexpression of WNT5A, can increase chondrogenesistindmick and mouse limb cells
(Church et al, 2002 Bradley & Drissi, 20)0Additionally, WNT5A has beehasvn to inhibit
hypertrophic differentiation via NF -mediated inhibition of RUNX@Hartmann & Tabin, 2000
Bradley & Drissi, 20)0This increase in WNT5A upon insulin induction further suggests inhibition

of hypertrophy. More detailed discussions on WNT5A can be found in Chapters 1, 4 and 5.

3.4 Summary

Many genes were regulated during the chondrogenes8TDC5 cells, briefly summarised in Table
3.1. Taken together, despite the increasesGnl10aland Alpl (alkaline phosphatasejhe down
regulation of several hypertrophgssociated genes and proteins and the limited type X collagen
that was detected suggest that hypertrophy was inhibited in this system by differentiating ATDC5
cells for 14 days with insulin with the combination of micromass culture and stimulation with
ascorbic acid. High expressiorFozband widespread type Il collagen staining maggest that this
culture system instead generates a more articular cartildge phenotype. This is in contrast to
many reports that use ATDC5 cells to model changes that occur during endochondral ossification
and the use of ascorbic acid in ATDC5 mirgatitin (Shukunamiet al, 1997 Faith et al, 2012
Swingler et al, 2012 Miron, et al, 2013 highlighting the diverse nature of ATDC5 cells and their

usefulness in their adaptibility to study different cartilage phenotypes.
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Table 3.1¢ Summary of gene regulatory changes with increasing chondrogenesis of AT
cellscultured for 14 days in monolayer or micromass and stimulated with/without insulin
ascorbic acid using information froRigures 3.1€L2. For more specific changes per conditi
tested, please see original individual figures given above.

Gene .
Association/Family Up-regulated Down-regulated No Regulation
Col2al Greml
Chondrogenesis Frzb
Tgfbl
Coll0al Ddr2 (monolayer) Ddr2 (micromass)
Hypertrophy Alpl Tqft3 .
CCNs Cyr6l Ctgf (micromass)
Ctgf (monolayer)
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Chapter 4
InvestigatingWNT5A and cytokinsignallingin ATDCS5 cells
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4.1 Introduction

4.1.1WNT signalling in osteoarthriageid skeletal disease

WNT signalling is tightly implicated with the progression of osteoartl{sée Chpter 1) As such,
many members of the WN3Jignallingfamily, as well as known modulators of the Whignalling
pathway, are aberrantly expressenh osteoarthritic joints including WNT3ANakamura et al,
2005, FRZBNakamura et al, 2005 Velasco et al, 20L0) and WISP3Sen et al, 2004 Baker et
al., 2012, reviewed in(Staines et al, 2012. Expression BWNT5A is also highly «wpgulated in
osteoarthritic cartilage compared to normal cartilage seen bynicroarray(Karlssonet al, 2010
Thorfve et al, 201), gRTPCR and immunofluorescen@hafve, et al, 2011). WNT5Aexpression
has alsdeen shown to be incresied in knee OA osteobladtsit decreased in hip OA osteoblasts
compared to hip fracture osteoblas¥elasco et al, 201Q. Furthermore,Wnt5a’- mice have a
strong skeletal phenotypeexhibiting truncated limbsg(Yamaguchi et al, 1999. Mis®nse
mutations inWNT5Ahave also been associated with Robinow syndrome, a form of dwarfism
(Person et al, 2010.

Many studies have investigated WNT5A in sedepmental context, identifying the role of WNT5A

in promoting early stage chondrogenesis and inhibiting hypertrophic differentigii@antmann &

Tabin, 2000Church et al, 2002 Bradley & Drissi, 20)0However, ittle work has been reported

on themechanisms and potential rotd WNT5Anductionin catilage pathophysiologyit has been
reported that WNT5As upregulated in chondrocytes by-Mi & G A Y dzf | GA.2 YLIGAK & |
(Ge et al, 201)). Furthermore, WT5A has been shown to be a potent inducer of matrix
degradation in chick beak cartilage via-rggulation of various metalloproteinases, including
ADAMTSHHosseiniFarahabadi et al, 2013, a major enzyme involved in the destructiaf
cartilage in osteoarthritisdiscussed previouslifowever, the exact mechanismsd the impact on

other signalling pathways in osteoarthritemain to be elucidad.

4.1.2Cytokine signalling in osteoarthritis

The involvement of inflammatory cytokines in the development of osteoarthritis is well
documentedinterleukin()-mi = 2y S 2F GKS (1S@& AyTfil ¥elévatedINE ¢
in osteoarthritic tiondrocytes (Melchiorri, et al, 1998 and is commonly used to model
osteoarthriticlike change vitro (Clutterbuck et al, 2013 Yang et al, 2014 Zhang et al, 2014.

The combination of h |y R 2y O02aidlFdAy a 6h{ait tdiaduck f &2
expression of a number of metalloproteinases, includAMTS4ndADAMTSBHuI, et al, 2001

Koshy et al, 2002 Milner, et al, 2003 Baker et al, 2012. In 2012, Bakerget al., reported Ikm "
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and OSMnduced expression cADAMTS5vas repressed by overexpression WiSP3(WNTZ:
inducible secreted protein 3)iathe betacatenindependent pathwayAs previously mentioned,

ILmi Kl a&a +Ffaz 0SSy aKz2gy in@bbilcfidRdzodesG etlaNdE)a A 2 v
and increas&/NT5Aand its receptoROR2xpression during osteogeneg&nomotq et al, 2012.
Together, this highlights growing evidence for the interplay between the cytokine and WNT
signalling pathways, however, this interpland its involvement in osteoarthritigss not fully

understood.

4.1.3Aims

It was hypothesised that WNT5#Aay regulate gene expression during osteoarthritis and that

cytokine signalling magiso regulate the WNT signalling pathway in ATDCS5 cells.
To test thisa number of approaches were taken:

1. Stable clons of ATDC5 overexpressing WNT5A were generated and gene expression

changes investigated

2. Naive, differentiated ATDC5 cells were stimulated with neat WhBBAitioned medium
generated by transiently transfecting separate ATDCS5 cells, and stimulated iimedia
withilbkmh YR h{a Oed21AYySdikedhanggsy RdzOS 2adS2I N

3. A mixture of candidaterad unbiased studies were carrieait via gRTIPCR and microarray
analysis respectively to investigate gene regulation as a result of WNT5A and/or cytokine

signalling.
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4.2 Results

4.2.1Generation of stable clones overexpressing WNT5A

Norrinduced ATDCS cells were transfected with hurd@NT5Atagged at the @erminus with an
inNFN}XYS C[!D G413 F2NJ StasS 2F RSGSOGA2ySeteilR & ¢
clones were eventually generated after two separate attempts at cldingmg single cellsand were
expanded in culture beforeonfirming WNT5A protein expression, and the lack of WNT5A in cells
transfected with the empty pcDNABLAG vector onlghereafter referred to as Vector Only$ix

clones were chosen for furthemalysis; three Vector Only clones and three WNT5A clones (Figure
4.1).For more information on the generation of the plasmids and the transfection/cloning process,

please see sedns 2.4 and 2.5.

Vector Only WNTO5A

5 9
- N ™ < w0 o § §
o o o @ @ o § O
C C C C C C
6 66666 0 ¢
000000 % 7
140_-—--~_ - — — —
100 —
70—!
50 — . w= ® _ \WNT5A (FLAG)
40 — .

Figure 4.1¢ Confirmation of WNT5A overexpressing clondsell lysates from stable ATD(
clones overexpressing WNT5A or Vector Only contere examined for WNT5A expressic
using the antFLAG antibody. Protein lysates were taken from clones expanded in monc
from single cells. Transiently transfected cells transfected were used as positive and ne
controls. Predicted; WNT5AFLAS = 44.99 kDa based on amiacid sequence. N=2
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4.2.2Gene regulation in nemduced overexpressing WNT5A clones

Expression ofandidategenes associated with WNT5A signalling and the chondrocytic phenotype
were exploredby qRTPCR in noimduced clones plated in monolayer or micrassfor four days
Three Vector Only clones and three WNT5A clones were used for the analy#ig axgeriment
wasperformed once as a preliminary experime®esults are expressed as theerage of three
separate WNT5A clones and three separate Vectdy €ones with results from individual clones

displayed on the righband side.

Overexpression of WNT5A did not result in any regulation of its receptn? (Figure 4.2A).
Although clones were not induced to differentiate with insullaw Col2alexpressionwasdetected
with Grvaluesaveraging around 3@\ppendix Table S4.1)\¥alues ofCol2alin WNT5A clones was
detected largely above C35, which is deemed not to be expressed, suggesting WNT5A
overexpressiomay inhibitCol2alexpressior(Figure 42 B). Expression dhdamts4and Adamts5
were low, with @ values close to 35 or above. No regulationAafamts4was seen by WNT5A,
althoughinterestingly, AdamtsSmay be dowrregulated by WNT5A which was not detected in
most WNT5A clones-{gure 4.25D). Neither Runx2nor Ddr2 two genes involved in hypertrophic
differentiation, were regulated by WNT5A overexpressidigre 4.2EF). Grem1 which is
enriched in articular cartilage, was pgulated by WNT5A, whilstlpl (alkaline phosphatasean
enzymeinvolved in matrix mineralisation, was dowegulated by WNT5A={gure 4.25-H). Of the
CCN growth factor familgyr61 which encodes CYR61/CCNL1, wasagulated by WNT5A in both
monolayer and micromass culture, where@sgf (CTGF/CCN2) aridov (NOV/CCR) were not
(Figure 4.2-K). A slight dowanegulation ofWispl(WISP1/CCN4) was seen in monolayer culture
and of Wisp2(WISP2/CCN5) in micromass culture in WNT5A overexpressing clones abtapare
Vector Only igure 4.4-M). The final member of the CCahiily, Wisp3(WISP3/CCN6) could not

be detected (data not shown).
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Figure 4.2 AB ¢ Gene regulation in stable WNT5@verexpressing, nofinduced ATDC5S
clones Steadystate mRNA expression levels &or2 (A) andCol2al(B) in WNT5A
overexpressing, neinduced ATDCS5 clones cultured in monolayer or micromass for
days compared to Vector Only clones as measured WPEIR. Left hand figure compost
from averaging all three @hes per condition shown in rigiiand figure. €values can be
found in Appendix, Table S4.1. Experiment performed once. ND = Not Detected
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Figure 4.2 @ ¢ Gene regulaibn in stable WNT5Averexpressing, nofinduced ATDCS
clones Steadystate mMRNA expression levelsAdfamts4(C) andAdamts5(D) in WNT5A
overexpressing, neinduced ATDCS5 clones cultured in monolayer or micromass for
days compared to Vector Only clEmas measured by giFPICR. Left hand figure compost
from averaging all three clones per condition shown in Hggud figure. ND = No
detected. Gvalues can be found in Appendix, Table S4.1. Experiment performed o
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Figure 4.2 H-¢ Gene regulation in stable WNT5dverexpressing, nofinduced ATDCS
clones Steadystate mRNA expression levels Binx2(E) andDdr2 (F) in WNT5A
overexpressing, neimduced ATDCS5 clones cultured in monolayer or micromass for
days compared to Vect@nly clones as measured by gRCR. Left hand figure compost
from averaging all three clones per condition shown in Hggand figure. €values can be
found in Appendix, Table S4.1. Experiment performed once.
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Figure 4.2 @ ¢ Gene regulation in stable WNT5dverexpressing, nofinduced ATDCS
clones Steadystate mMRNA expression levels Grem1 (G) andAlpl (H) in WNT5A
overexpressing, neimduced ATI5 clones cultured in monolayer or micromass for fc
days compared to Vector Only clones as measured WPEER. Left hand figure compost
from averaging all three clones per condition shown in Hggand figure. €values can be
found in Appendix, Tabl®4.1. Experiment performed once.
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Figure 4.241¢ Gene regulation in stable WNT58verexpressing, nosinduced ATDCS
clones Steadystate mRNA expression levels @fyr61 (I) and Ctgf (J) in WNTS5A
overexpressing, neinduced ATDCS5 clones cultured in monolayer or micromass for
days compared to Vector Only clones as measured WPEER. Left hand figure compost
from averaging all thee clones per condition shown in righ&ind figure. €values can be
found in Appendix, Table S4.1. Experiment performed once.
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Figure 4.2 K_¢ Gene regulation in stable WNT5dverexpressing, nofinduced ATDCS
clones Steadystate mMRNA expression levels Nbv (K) andWispl (L) in WNT5A
overexpressing, neimduced ATDCS5 clones cultured in monolayer or micromass for
days conpared to Vector Only clones as measured by-BRR. Left hand figure compost
from averaging all three clones per condition shown in Hggd figure. ND = noi
detected. Gvalues can be found in Appendix, Table S4.1. Experiment performed o
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Figure 4.2 Mg Gene regulation in stable WNT5dverexpressing, noinduced ATDCS
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induced ATDCS clones cultured in monolayer or omass for four days compared t
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4.2.3Stable clones failed to undergo chondrogenesis

The effect of WNTS5A overexpréss on gene regulation was examined in clones induced to
undergo chondrogenesis with insulin and stimulated with ascorbic facid4 days Twenty four
hour stimulation withi-mh | Yy R h{a OKSNBI FiSNJ NEFSNNBR {2
used after differentiation had occurredo investigate gene regulation in osteoarthriike
conditionsand whether this affected WNTS#ediated gene regulation-or more information,

please see section 2.5.7.

Despite not directly comparing insuinduced obnes to norinduced clones, it was apparent that

both WNT5A and Vector Only clones failed to differentiate. This was evident by visual observations,
whereby cells had a larger, flatter appearance with a lack of aggregation in monolayer cultures (data
not shown). Expression ool2alwas also low with £values above 30 (Table 4.1yith many
samplesover the detection limit(Gx  oNmminduced clones investigated previousliso had a
similar G range (AppendixTable S4)1 One WNT5A&Ilone (Clone 6)partially differentiated, but
despite the slight increase @ol2alcompared to the rest of th clones(Figure 4.3 still did not
visually appear to differentiate fully, with flat cells and a lack of aggregation (data not si®incg.
adequatechondrogenesidid not occur even in Vector Only clones, further investigations in insulin

induced clones were not conducted.

Table 4.1¢ Expression ofCol2alin insulininduced clonescultured for 14 days in
monolayer or micromass then stimulated with or withoumMlr I Yy R h{a O¢
h without insulin Steadystate expression levels @ol2al highlighting he G range for
three individual clones, combined, and their normalised values. Expression of indi
clones can be found in Figure 4.3. Experiment performed once

Col2al MinG Max G Normalised SEM
No Cytokines 30.16 38.58 0.30 0.09
Vector Only ,
Cytokines 33.11 39.67 0.04 0.01
Monolayer No Cyokines |  28.20  36.59 133 097
WNT5A ) ' ' ' '
Cytokines 28.75 39.02 1.33 0.44
No Cytokines 30.89 39.90 0.38 0.16
Vector Only Cvitoki
Micromass . )é:o ITS 31.59 35.61 0.16 0.08
WNTSA 0 ytg ines 26.64 38.43 2.95 2.43
Cytokines 27.20 39.07 3.82 2.47
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Figure 4.3¢ Col2alexpression in insuliinduced clones with cytokine stimulatin.

Normalised steadgtate expression levels @ol2alare shown for individual insulin
induced clones grown for 14 days then stimulated with and withoma IL | Y R
cytokines without insulin for 24 h.s@alues for combined clones can be found in Ta

4.1. Experiment performed once.
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4.2.4Genegation of WNT5A conditioned medium foaiveATDCRzellstimulation

Since chondrogenesis failed to occur in both ¥e€@nly and WNT5Averexpressind TDCS5 clones,
investigations wer¢hen carried out using naive ATDCS cells instead, stimula#ratay oldinsulin
induced ascorbic acigtimulatedATDCS5 micromass culturesth conditioned medidor 24 hours
generated from transiently transfecting separate ATDCS,cefith and without cytokines for the

same 24 hour periosee section 2.6)

Prior ®@nfirmation of WNT5A protein secretion into media from transient transfections was darrie
out by western blot before stimulating naive differentiated cefldditionally, the time to start the

24 hour media conditioning was optimised to see if there was a differeimc protein
expression/secretion with the 24 hour period starting either directly after the 5 hour transfection
(Day 1) or 24 (Day 2) or 48 hours (Day 3) after the transfedtiorappreciable differences were
observed between conditioning media for 24 tie starting immediately after the five hour
transfection (Day 1) or the followinday (Day 2 with perhaps a slight decrease in WNT5A protein

by Day 3(Figure 4.4 Therefore subsequent experiments used media conditioned for 24 hours
starting immediatehafter the five hour transfectionconfirming the presence or absence of WNT5A
(via antiFLAG) with each batch of WNT5A or Vector Only conditioned media respectively (data not

shown).
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Figure 4.4¢ Detection of WNT5A protein from transient transfection timecourse
WNT5A was probed for (via aifLAG antibody) in Téecipitated conditioned media
generated from 7 ml media (A) and cell lysates (B) at indicated time points

transiently transfecting noinduced ATDCS5 cells with Vector Only or WNT5A plasmid
5 h. PredictedVl, WNT5AFLAG = 44.99 kDa based on amino acid sequence. Day 1

24 h period. Day 2 = Second 24 h period. Day 3 = Third 34 h period. N=1
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4.2.5Gene regulation in conditioned medand cytokinestimuated naive ATDC5
cells

Naive 14-daydifferentiated ATDC5 micromass cultui@s described previouslyere stimulated
after differentiation for 24 hoursvith WNT5A conditioned medium and -stmulated with and
without cytokinesto investigate the effecbf osteoarthriticlike changes on gene regulation and
identify whether WNT5Anediated gene regulation is dependent ,oor regulated in an
osteoarthriticlike environmentFor a more irdepth description of the stimulation method, please

see section 2.6.

Inexperiment 1 regulation by WNT5A conditioned mediwtimulationwas seen across a number
of candidate genes tested by gRTPCR analysischosen based on their involvement in
chondrogenesis, WNT5A signalling or osteoarthrifaibsequent repeats howevefailed to
reproduce the resultérom experiment 1However, gpression oRor2 Col2aland Adamts4were
consistentlynot regulated by WNT5Aver four experimentsHigure 4.5A-Q). In experiment 1
expression oRunx2 Ddr2, Ctgfand Novwere all downreguated by WNT5A conditioned medium
stimulation in the presence of cytokines. No effects were seen by WNT5A stimulatioraivstiece
of cytokines Figure 4.3, E, G, Heft-hand figure$. No significant differences Runx2Ddr2 Ctgf
and Nov expressionwere observed in three subsequent repeats by WNT5A stimulation in the
presence or absence of cytokingsdure 4.0, E, G, Hiight-hand figure$. No regulation ofCyr61
Wispl, Wisp2 Frzbor Col10alby WNT5A stimulation in any experiment by ¢RIRKigure 4.5F,
I-L).

Cytokine stimulation caused a trend towards devegulation ofRor2in the presence oabsence
of WNT5A in three out of four experimentalthough this only reached statistical significance in
one of the examples shown in the presencafITSA by ANOVA + Tukey pbest test Figure 4.5
A). Similarly, cytokine stimulation caused an overall deegulation ofCol2al(Figure 4.58). In
contrast, as expected, a rise Adamts4expression an aggrecanasayas seen consistently with
cytokine stmulation Figure 4.5C). Expression oRunx2was downregulated consistently by
cytokine stimulation Kigure 4.5D). Regulation ofDdr2 by cytokine stimulation was largely
inconsistentbeing downregulated in two out of four experiments in the presencé/NT5A but
up-regulated in one experiment in the absence of WNTBRUre 4.5E). No conclusions can
therefore be drawn regardin@dr2 regulation by cytokine stimulatiorSimilarly, in two of four
experiments Ctgfwas downregulated by cytokine stimulatioregardless of WNT5A, but was-up
regulated by cytokine stimulation in one experiment in the absence of cytoKigsré 4.55). Noy,

on the other hand, was also trpgulated in one experiment in the absence of WNT5A by cytokine
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stimulation, but no diffeences were seen in the other three experiments, suggesting that cytokine
stimulation does not regulatBlovexpressionkigure 4.3). In contrast, expression levels Gfr61

Wispl, Wisp2 Frzband Coll0alconsistently decreased with cytokine expressiggure 4.5F, tL).
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Figure 4.5 AC ¢ Gene regulation in WNT5A and cytokine stimulated differentiated ATD
micromass culturesSteadystate mMRNA expression levelsRidr2(A), Col2al(B) andAdamts4
(C) in micromass cultures stimulatetth insulin and ascorbic acid for 14 days then treated w
WNTS5A conditioned medium (or Vector Only control) with/withoutmlk | YR h { a
for 24 h. Experiment performed four times. L-bfind figure from experiment 1. Rightind

figure from represntative example from three further repeats, also sent for microar
analysis. €values can be found in Appendix, Table S4.2. * = significant compared to \

Only. # = significant compared to no cytokines.
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Experiment 1 Representative Experiment
Alsoanalysed by microarray
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Figure 4.5 EE ¢ Gene regulation in WNT5A and cytokine stimulated differentiated ATD
micromass cultures Steadystate mMRNA expression legebf Runx2 (D) andDdr2 (E) in

micromass cultures stimulated with insulin and ascorbic acid for 14 days then treated
WNT5A conditioned medium (or Vect®nly control) with/without Ilmh | YR h { a
for 24 h. Experiment performed four times. L-&éfind figure from experiment 1. Righand

figure from representative example from three further repeats, also sent for microa
analysis. €values can & found in Appendix, Table S4.2. * = significant compared to Ve
Only. # = significant compared to no cytokines.
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Experiment 1 Representative Experiment
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Figure 4.5 K5 ¢ Gene regulation in WN5A and cytokine stimulated differentiated ATDC
micromass culturesSteadystate MRNA expression leveld®fr61(F) andCtgf(G) in micromass
cultures stimulated with insulin and ascorbic acid for 14 days then treated with WM

conditioned medium (or \M&or Only control) with/without [km h

FYR h{a O8i

Experiment performed four times. Léfiand figure from experiment 1. Righand figure from
representative example from three further repeats, also sent for microarray analysialués
can be found in Appendix, Table S4.2. * = significant compared to Vector Only. # = sigr
compared to no cytokines.
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Alsoanalysed by microarray
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Figure 4.5 H ¢ Gene regulation in WNT5A and cytokine stimulated differentiated ATD
micromass cultures Steadystate mRNA expression levels Nbv (H) andWispl (1) in

micromass cultures stimulatedith insulin and ascorbic acid for 14 days then treated w
WNTS5A conditioned medium (or Vector Only control) with/withoutltk | YR h { a
for 24 h. Experiment performed four times. L-&find figure from experiment 1. Rightind

figure from represntative example from three further repeats, also sent for microar
analysis. WNT5A+Cytokine condition Wiisplfrom Experiment 1 (Lethand figure) consists
of one sample only (n=1) as two samples were not detectedvalDes can be found ir
Appendix,Table S4.2. * = significant compared to Vector Only. # = significant compared
cytokines.
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Figure 4.5 K ¢ Gene regulation in WNT5A and cytokine stimulated differentiated ATD
micromass culturesSteadystate mMRNA expression levels/gisp2(J) andNov(K) in micromass
cultures stimulated with insulin red ascorbic acid for 14 days then treated with WNT

Experiment 1
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Alsoanalysed by mimarray
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Experiment performed four times. Léfiand figure from experiment 1. Righand figure from
representative examlg from three further repeats, also sent for microarray analysisatties
can be found in Appendix, Table S4.2. * = significant compared to Vector Only. # = sig!

compared to no cytokines.
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Figure 4.5 Lg Gene regulation in WNT5A and cytokine stimulated differentiated ATD
micromass culturesSteadystate mMRNA expression levels@bl10al(L) in micromass culture:
stimulated with insulin and ascorbic acid for 14 days then treated with WNT5A conditi
medium (or Vector Only control) with/without4ah | YR h{a OeG21AYy S
performed Dur times. Lefthand figure from experiment 1. Righand figure from
representative example from three further repeats, also sent for microarray analysialués
can be found in Appendix, Table S4.2. * = significant compared to Vector Only. # casig!
compared to no cytokines.
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4.2.6Microarray analysis of WNT5A and cytolshmulation in differentiated
ATDCS cells

An unbiased approach wassotaken to inestigate the effect of WNT5A and cytokine stimulation
on differentiated ATDC5 micromass cultui®s carrying out microarray analysis of total RtdA

identify potentially novel regulation of genes or pathways

4.2.6.1Cytokine stimulation strongly regulatgdne expression

Principle component analysis (PCAhich highlights similarities or differences in expression
patterns across samples based on visual proximityealed differences in the expression from the
45,000 probe sets tested across tlieur condtions. The most striking difference between
conditions was revealed to be through the addition of cytokines, regardless of the presence or
absence of WNT5A. Samples treated with WNT5A in the presence of cytokines also clustered apart
from Vector Onhtreated samples, indicating that WNT5A had some regulatory effect on gene
expression. Interestingly, this difference was not as apparent in samples without cytokines,
suggestinghat someWNT5Amediated regulation may in part be dependent on cytokine sigrgallin
(Figure 4.%.

The striking regulation by cytokine stimulation can also be seen by hierarchical clustering in the
form of a heatmap, highlighting the differences in colour temperature and thus expression, which

is more apparent with the addition of cykimes compared to no cytokineBigure 4.7

Vector Only without Cytokines
Vector Only with Cytokines

WNT5A without Cytokines

4
-IIIOO.

WNTS5A with Cytokines

Figure 4.6¢ Principle Component Analysis (PCA) of WNT5A and cytokine stimule
micromass cultures from microarray analysi€lustering of samples indicates simil
expression patterns.
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Figure 4.7 Hierarchical clusterig of WNT5A and Cytokingeated micromass cultures
by microarray analysisExpression from all 12 samples (columns) analysed by microi
shown as a heat map based on expression levels of each probe (rows). Red

expression. Blue = low expressiorusidring based on expression levels and samples
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4.2.6.2Selecting genes for subsequent analysis

Four comparisons were made based on the four conditions to investigate the following questions:

1. What effect does WNT5A stimulation have on gene regaan the absence of cytokines?
(Vector only, no cytokines vs. WNT5A, no cytoKines

2. What effect does WNT5A stimulation have on gene regulation in the presence of cytokines?
(Vector only with cytokines vs. WNTS5A with cytokjnes

3. What effect does cytokine ishulation have on gene regulation in the absence of WNT5A?
(Vector only, no cytokines vs. Vector only with cytokjnes

4. What effect does cytokine stimulation have on gene regulation in the presence of WNT5A?

(WNT5A, no cytokines vs. WNT5A with cytoKines

Vodcano plots were created, plotting fold changegulation based upon the above comparisons
againstPvaluesRS G SNIYAY SR o0& LI A NB A & St-teSt2Pwobhdlsddlisplayifg  dza
an absolute folechange (positive or negative) greater than or abio 1.5x with &-value less than

0.05 were chosen for further analysis, highlighted in red on the volcano plmgsré 4.849). As
evidenced by the number of red marks, addition of cytokines significantly regulated genes

above an absolute foldhange of 1.5xTable 42 quantifies this difference, revealing aroun@-20x

the number ofprobe setssignificantly regulated by the addition of cytokines in comparison to the

number ofprobe setssignificantly regulated by the addition of WNT5A.

Furthernore, the volcano plots reveal that not only were mgnebe setssignificantly regulated
more than 1.5fold by the addition of cytokines, but the effect was much greater, reaching fold
changes in the region of 3000x compared to around 3x by the additi®viNdF5A Figure 4.84.9.

The top 50 for each comparison, ranked by absolute fold change, can be foApgéndixTable
A3, A4, A5 andA 6.
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Figure 4.8 Volcano plot of effect of WNT5A with and without cytokine stimulation on ger
regulation in ATDC5 micromass culturdzrobe sets plotted according to fold change regulat
(x axis) againsPvalue f EAa0® | AIKf AAKGSR LINRP6S &aSp:e

value < 0.05.
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Figure 4.9 Volcano plot of effect of cytokines with and without WNT5A stimulation on ger
regulation in ATDC5 micromass culturdarobe sets plotted according to fold change regulat
(x axis) againsPvalue yt EA a0 ® | AIKf AIKGSR LINR6S &SBE
value < 0.05.
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Table 4.2¢ Number of significantly regulated probe sets according té/Bluebased on
absolute fold change greater than or equal to 1.5 arRddue less than 0.05 by multipl
t-tests

Number of probe sets regulated

Effect of Up-regulated Down-regulated Total
1 WNT5A without cytokines 152 156 308
2 WNT5A with cytokines 270 255 525
3 Cytokines without WNT5A 4608 5979 10587
4  Cytokines with WNT5A 4626 6333 10959

However, due to the nature of performing multiplaests, it was suspected that a large numbér
iIKSasS arAIyATAOIYUG RAFTFSNBYyOSa oSNB WTIfas Lx
performed using the Benjamikiochberg procedure to calculate \@lues that take into
consideration the false discovery ratdsing the more stringerdnalysis based on usingv@lues,

no probe sets were significantly regulated by WNT5A (Table 4.3), suggesting that the WNT5A was
either not active, or the cells were naesponsive to itln comparison, only a relatively small
number of probe sets were eluded when comparing the effects of cytokines, losing just 12.8 %
and 11.2 % of probe sets in the absence and presence of WNT5A respectively compared to the 100

lost when comparing the effects of WNT5A with/without cytokines (Table 4.3).

Despite no sigificant differences based on the-@lues for the effect of WNT5A, differences were
found in the number of probe sets that were regulated by cytokines dependingeopresence or
absence of WNT5A. Results revealed @86 probe setsvere onlyregulatedby cytokines in the
presence of WNT5A and 1858 probe se¢se onlyregulated by cytokines in the absence of WNT5A

(Figure 4.10), suggesting there may have been some effect after all.

Table 4.3¢ Number of significantly regulated probe sets according teMalue using
Benjamin¢Hochberg procedure to take into account false discovery rate

Number of probe sets regulated

Effect of Up-regulated Down-regulated Total
1 WNT5A without cytokines 0 0 0
2 WNT5A with cytokines 0 0 0
3 Cytokines without WNT5A 3971 5262 9233
4  Cytokines with WNT5A 4095 5636 9731
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-WNTS5A +WNTS5A

Figure 4.10¢ Distribution of cytokineregulated probe sets with respect to presence
absence of WNT5MAased on probe sets deemed to be significantly regulated by cytok
according to Qalues.

Appendix Table S4.7 highlights the top 50 cytokigulated genes that were only regtéal in the
presence of WNT5A. Of thederuppetlike factor 9 KIf9 andProtocadherin 7Rcdh¥ were the

most upregulated and dowsregulated genes respectively, excluding any hypothesised genes.
Interestingly, using the less stringent analysis based-valBes rather than alues, onlyPcdh7

was regulated by WNT5A in the absence of cytokines, and interestingly weaeguwipted as
opposed to the dowsregulation by cytokines in the presence of WNT5A. However, as stated, this
is based on using-Yalues, with may therefore have been a false positive. It would therefore be

interesting to observe any changes using 4R to validate the finding.
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4.2.63 Comparisorof candidate genesetween gRIPCR analysis and microarray analysis
The samples used in tmight-hand figures in Figure 4.5 were used for the microarray analysis. After
calculating whiclgeneswere significantly regulated according to the threshold criteria described
previously, the data were compared back to the ¢ROR analysis for confirmarti of the same
changes in gene expressid@ince qR-PCRvas used to validate any findings from the microarray,
comparisons against the microarray were based on thed&asgent Rvalues only to observe any
similarities or differences that may have bekitdlden due to much more stringent parametess.

full comparison for each gene and each condition can be found in Table 4.

Table 44 reveals that the microarray analysis was largely consistent with the findings seen-by qRT
PCR analysis, with only a smrmalmber of exceptions. Microarray analysis revealed an increase in
Cyr6land a decrease iGoll0alexpression by WNT5A in the absence of cytokines and an increase
in Frzbexpression by WNT5A in the presence of cytokines. HoweverPGiRTanalysis of the mos
representative samples, all from the same experiment which was also analysed by the microarray,
showed this was not the case. These are therefore false positives on the micrd@mréye other

hand, a lack of regulation é&tor2 Col2al Adamts4 Runx2 Ddr2 Ctgf, Nov, Wispland Wisp2by
WNT5A conditioned medium was seen by microarray analysis in agreement with tHeGHRT

analysis.

Similarly significant dowrregulation ofCol2al Wispl, Wisp2andFrzbby cytokines in Vector Only
conditioned medium, se® by the microarray analysigasin agreement with representative data
from the gRTPCR analysis. Similarly,-tggulation of Adamts4and downregulation of Cyr61
Wispl Wisp2andFrzbby cytokines in the presence of WNT5A seen by microarray anabysiso

in agreement with the gRPCR analysis. However, results obtained from the microarray did not
agree with result$or Ror2 Ctgfand Novby cytokines either in Vector Only or WNT5A conditioned
media, or withCol2aland Col10alby cytokines only in thpresence of WNT5A.

Together, this shows that the microarray findings were largely consistent with the findings seen by
gRTFPCR.
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4.2.64 Confirmation of gene regulation proposed by microarray analysis
In addition to the candidate genes previouslyestigated, microarray analysis revealed significant
regulation of a number of interesting genes related to the topics investigated in this thesis. gRT

PCR was used to validate these findings.

Using the less stringent parameters by analysinglBes ony, by microarray analysis, expression
of Anxal, which encodes th€&*/phospholipidbinding protein, Annexin (Steu, et al, 2014 and

is involved in cell migratiofCote et al, 2010, was upregulated by WNT5A in the absence of
cytokines and paradoxically upgulated bycytokines in theabsenceof WNT5A (Table 4).
However, no such regulation was seen after Benjafdimthberg analysis using-v@lues, and
expression was unchanged in three experiments by-BRR analysigigure 4.11 A; Table4,

confirming the resultseen using the more stringent parameters

Matn3, which encodeshte cartilage matrix component, matrilin &as dowrregulated by WNT5A
in the absence of cytokines by microarray analysigen observing Ralues only(Table 44),
however, this remained uncinged by gRPCR analysif-igure 4.11 B; Table 4). However,
microarray analysis revealedsignificantdown-regulation ofMatn3 by cytokinesn both Vector
Only and WNT5A conditioned medifier BenjaminiHochberg analysigRTPCR analysis revealed
a smilar change in expression, with ¥alues around 334 in the absence of cytokines tev@lues
around 35 and higher in the presence of cytokifAppendix Table S4.8and was therefore
deemed to not be expressed in the presence of cytokifidss sugges that expression oflatn3

wasrepressedoy cytokine stimulation and validates the findings from the microarray.

Conversely, expression Bfg4 which encodes Proteoglycan 4, more commonly known as lubricin,
was significantly upegulated by cytokine stiomlation as seen by the microarray analyafter
BenjaminiHochberg analysi@able 44). In agreement, massive upgulation ofPrgdwas seen by
gRTFPCR, with £values higher than the limits of detection (35+) in the absence of cytokines to
around 2729in the presence of cytokinedppendix Table S4.8This therefore suggests tiirg4

wasinducedby cytokine stimulation.

133



A Anxal
(Annexin Al

o
3
,

3%
o
———

mVector Only
OWNTSA

Anxa1/18S (A.U)
[4.]

-
L=
i

0.5 1

0.0 - T
No Cytokines Cytokines

B Matn3
(Matrilin 3)

6.0 1 -|- mVector Only
OWNT5A

Matn3/18S (A.U)

4.0 -

2.0 -

ND ND

0.0 - r
No Cytokines Cytokines

C Prg4
(Proteoglycan 4/Lubricih

b
o

N
3
—

N
=

mVector Only
OWNTSA

Prg4/18S (A.U))
P

=
(=]
i

ot
(3]

ND ND

e
o

No Cytokines Cytokines

Figue 4.11¢ Confirmation of gene regulation changes seen by microarray analysis by-q
PCRSteadystate mRNA expression levelsArixal(A),Matn3 (B) andPrg4(C) were analysec
by gRTPCR. Data shown from the same samples used for microarray analysis (afandt
figures inFigure 4.5), which were representative across three experiments. ND = not dete
Crvalues can be found in Appendix Table S4.8
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4.2.65 Pathway Analysis

All significantly regulated probe sets, as determined by Benjadochberg analysis usingv@lues,

were subject to pathway analysis using the freely available DAVID software to identify entire
pathways that may be regulated by cytokine stimulation, based upon known genes within the
pathway. Table 4.5 highlights the top 10 pathways that wereifssgntly regulated in each
comparison, ranked by their significance as determined by Benjdfoichberg analysis. Since no
genes were regulated by WNT5A conditioned media stimulation as determined by the Benjamini

Hochberg analysis, only probe sets id&ad by the effect of cytokine stimulation were analysed.

Pathway analysis results showed similar pathways were being regulated by cytokines irrespective
of the presence or absence of WNT5A (Table 4.5). Interestingly, the rekalied that cytokine
stimulation of differentiated ATDC5 micromass cultuheghlyregulatedWNT signalling (Table 4.5).
Closer inspection of the result revealed that both the canonical andcamonical pathways were
regulated with all genes listed in the WNTHathwaybeing reglated and several genes in the
canonical pathwayFigure 4.12). However, due to the limitations of the DAVID software, the results
do not determine whether the pathways were wpgulated or dowrregulated as DAVID only
calculates results based on the geli¥s entered and not any fold chang€&oser inspection of
individual genes revealed th&V/nt5a itself was downregulated by cytokine stimulation (around
3.5x to 10x dowsregulated, depending on probe set). This decreas&/im5awas also confirmed

at theprotein level (n=1) in both cell lysates and conditioned mééigure 4.14)lts main receptar

Ror2 was also dowdnegulated as previously stated (Table 4.4). These results suggest cytokine

stimulation of ATDC5 micromass cultures inhibit the WNT5A pathwa

Another interesting pathway that was highly regulated by cytokine stimulation was the focal
adhesion pathway (Figure 4.13), wittown-regulation of several pathway members including
variousgenes that encode fointegrin membersROCK, JNK and ERKI¢®d(change data not
shown), suggesting inhibition of the pathway. Since focal adhesions are important in migration, this
may have ramifications for the data described in Chapter 5, which focuses on @uleesi

migration of ATDCS5 cells
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Table 4.5 Effect of cytokines on pathwayegulation. Top 15 significantly regulated pathway
in the absence and presence of WNT5A as determined using DAVID software ranl
BenjaminiHochberg (BH) ®alues

Rank

Pathway

Effect of cytokines in the absence of WNT5A

1

O 0O ~NO UL WN

e o ol =
GO d»WNRO

Pathways in cancer

Ubiquitin mediated proteolysis
Cell cycle

Whnit signalling pathway
Colorectal cancer

Prostate Cancer

Renal cell carcinoma

MAPK signalling pathway
Spliceosome

Insulin signalling pathway
Progesterone-mediated oocyte maturation
Focal adhesion

Chronic myeloid leukaemia
Pyrimidine metabolism
Endocytosis

Effect of cytokines in the presence of WNT5A

1

O o0 NO UL, WN

e el ol =
M WNRO

Pathways in cancer

Ubiquitin mediated proteolysis
wnt signalling pathway

Renal cell carcinoma

Insulin signalling pathway
MAPK signalling pathway
Chronic myeloid leukaemia
Prostate cancer

Neurotrophin signalling pathway
Adherens junction

Colorectal cancer

MTOR signalling patway
ErbB signalling pathway
Focal adhesion

Glioma

P-value

1.80E-12
1.40E-11
3.20E-09
1.90E-07
2.90E-07
1.40E-06
1.60E-06
1.70E-06
4.60E-06
1.20E-05
1.30E-05
1.60E-05
2.20E-05
4.10E-05
7.00E-05

2.00E-10
5.20E-10
2.20E-09
1.50E-07
4.60E-07
7.40E-07
1.10E-06
2.60E-06
5.60E-06
9.50E-06
1.00E-05
2.30E-05
3.90E-05
5.50E-05
8.30E-05

BH Q-value

3.40E-10
1.40E-09
2.10E-07
9.20E-06
1.10E-05
4.10E-05
4.40E-05
4.60E-05
9.80E-05
2.30E-04
2.40E-04
2.50E-04
3.30E-04
5.60E-04
9.00E-04

3.80E-08
5.10E-08
1.40E-07
7.30E-06
1.80E-05
2.40E-05
2.90E-05
6.20E-05
1.20E-04
1.80E-04
1.80E-04
3.70E-04
5.80E-04
7.50E-04
1.10E-03
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Figure 4.14; Cytokine stimulation dowrregulates WNT5AChanges in WNT5A expression
microarray were confirmed by western blot in cell lysates and-pi@€gipitated conditioned
media after 24 hours and 48 hours, probing for WNT5A using a Wb{geoific antibody. Arrow
= possible detection ofuman WNT5A-LAG present in conditioned medium used to stimul;
cells. Ability for WNT5A antibody to detect WNTHEAAG confirmed in Appendix Figure S¢
Endogenous mouse WNT5A = 42.35 kDa (isoform 1) or 40.89 kDa (isoform 2). Human \
FLAG = 44.99 kDia-Actin used as loading control (41.74 kDa). Molecular weights base
amino acid sequence. Experiment performed once.
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4.3 Discussion

Understanding gene regulation in an osteoarthrltie setting is important to help understand the
mechanisms of the disease. This chapter took a hnumber of approaches and described a new model

with similarities to an established model of early OA, revealing novel gene regulation.

4.3.1Gene regulation in nemduced WNT5Averexpressing clones

4.3.1.1Ror2

Overexpression of WNT5A in norduced ATDCS cells revealed interesting results. A slight trend
was observed towards increased expressioRof2in WNT5Aoverexpressing cells, although this

did not reach significancé&igure 4.28). WNT5A expressioms been shown to positively correlate

with ROR2 expression, and can positively regulate ROR2 expression in various cell lines at the RN
and protein levels(O'Connel] et al, 201Q Yuan et al, 201J). Interestingly, inducible
overexpression of WNT5A in a transgenic mouse decreased ROR2 expression at the protein level
vivoin embryonic and adulintestind cells, but had no effect at the RNA level, suggesting ROR2
may undergo endocytosis and lysosomal degradafigakker et al, 2019. Identification of ROR2
protein expression was not carried out in this study, so it remains unknown whether WNT5A may

regulate ROR2 expression in a similar manner in this system.

4.3.1.2Adamtsd4and Adamts5

WNT5A also did not regulatadamtsdor AdamtsSexpression in noinduced oveexpressing clones
although micromass culture did increase expressioAadmts4both in Vector Only and WNT5A
clones(Figure 4.2GD). ExogenousVNT5A hagreviouslybeen shown to regulate expression of
ADAMTSSN chick bek mesenchyme micromass cultureghich lal to the destruction of the
proteoglycan rich matrifHosseiniFarahabadiet al, 2013. To date, no such link between WNT5A

and Adamts4has been made.

4.3.1.3Grem1

Up-regulation ofGrem1(gremlinl) was observed in WNT5@verexpressing clonggigure 4.25).
Gremlinl is a secreted BMP antagontisat may indirectly antagonise WNT signalliG@zzerroet
al., 2007. No direct link has been made between WNT5A signalling Gigainl expression.
However, WNT5A has been shown to be important in BRAIRduced osteogenesis, such that
inhibition of WNT5A which is ugregulated in BMR2-induced ostegenesisjnhibits osteogenesis
in the mouse MC3TFE1 preosteoblastic cell linéNemoto, et al, 2019. BMR2is known to increase

Gremlexpression, and Gremkh is known to bind and inhibit BMB, creating a negative feedback

140



loop (Pereira et al, 2000, although this may be concentration depende(itissim et al, 200§. It

would therefore be interesting to identify the state of BMRegulation irthis system.

4.3.1.4Apl, Runx2and Ddr2

Downregulation ofAlpl(alkaline phosphataseyas seen in WNT5A overexpressing cEligure 4.2

H), consistent with reports that WNT5A prevents hypertroffdgrtmann & Tabin, 20Q@hurch

et al, 2002 Bradley & Drissi, 20)0however, levels oRunx2and Ddr2 were not regulated by
WNTBA overexpressionFgure 4.2EF), two important factors in hypertghic differentiation,
discussedn Chapter 3. However, it is important to note that overexpressing clones were not
induced to undergo differentiation with insulin and did not exhibit @ased levels dfol2al(Figure

4.2 B), so any WNT5fediated regulation of other hypertrophic factors may depend on the

differentiation status of the cell.

4.3.1.5 CCN Growth Factor Family

Of the CCN family of growth factors, WNT5A&rexpression increaseskpressiorof Cyr61(Figure
4.21). No direct regulation o€yr61by WNT5A has been reported, although WNT5A and CYR61
have been reported to be both ugulated in liver fibrosiat the protein leve(Rashidet al, 2012

and dermal remodelling followinGQ lasermediatedablative fractional resurfacing of human skin
F2tf26Ay3 FOR2YAY2LI | ade& o0aidzyYe (KimdeGd, 20a30.1 G

(@]

Microarray analysis did reveal a significant increas€wblwith WNT5A conditioned medium
stimulation of differentiated cells, although subsequent validatby gRIPCR analysis revealed
this not to be the case (discussed laté&)slight decrease Wisplexpression was also sedFfidure

4.2L), although expression in the individual clones did not seem to differ apart from in one clone.
Interestingly, WNT5Aas been suggested to increaddSPExpression after crush injury of human
saphenous vein based on their expression from microarray data, although this was not confirmed

by gRTPCR or further experimen(Brice et al, 2004.

It is important to note however that these data are from a preliminary experiment performed once
and so absolute conclusions about the effect of WN®@Bérexpression in neinduced ATDCSells

cannot be made without furtheexperiments A summary of the data can be found in Table 4.6.
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Table 4.6 Summary of basal gene regulation in némduced WNT5A clonesompared to
Vector Only clones

Gene

L. . Up-regulated Down-reqgulated No Regulation
Association/Family p-reg 9 9

Col2al (micromass) Col2al (monolayer)

Chondrocytic Alpl Runx2
Ddr2
WNT Signalling Greml1 (micromass) Greml (monolayer)
Ror2
Cyr6l Wispl (monolayer) Ctgf
Wisp2 (micromass) Nov

CCNs Wispl (micromass)

Wisp2 (monolayer)
Adamts4
Adamtsb

Metalloproteinases

4.3.2ATDCS5 clones failed to differentiate

Upon identification of gene regulation honinduced cells, gene regulation was to be investigated
in insulininduced cells to identify potential differential regulation based upon the differentiated
state of the cells. Unfortunately, ATDC5 clones failed to differentiate, as noted bZdtal

expression, the lack afartilagelike nodules and rich matrix observed macroscopically and flatter,

larger cells reminiscent of undifferentiated cells (data not shown).

It is possible upon stable integration into the genome that lihearised plasmidnterfered with

the expression gfor knocked ougenes crucial to differentiatiodue to the nature of cloningt is
possible that not all clones generated may have interfered with this pathway, as evidenced by the
increasedexpression ofCol2alin Clone6 (WNT5Aoverexpressing clongjvhich macroscopically

did appear to, at least partially, undergo chondrogenesis

However, dudo this uncertainty and the lack of chondrogenesis in even Vector Only clones and
interesting results in another model using caimhied media on differentiated cells, the decision

was made to pursue results found in the conditioned media model.

4.3.3WNT5AmMediatedgene regulatiorusing conditioned media on differentiated
ATDCS5 micromass cultures

Since the generated clones testedpsared to fail to undergo fondrogenesis, conditioned
medium from ATDCS5 cells transiently overexpressing WNT5A was used. This also enabled the

observation of the effect of WNT5A in already differentiated cells, and in a didikaseontext,
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since most stdies of WNT5A in cartilage have investigated its effect on chondrogenesis.
Experiments were analysed both by gRCR to investigate candidate genes and by microarray for

aglobal investigation.

4.3.31Cyr61

Interestingly, microarray analysis revealed-foRl up-regulation ofCyr61by WNT5A in the absence

of cytokines (Table 4), reminiscent of the wpegulation previously found in, albeit nénduced,
WNT5Ao0verexpressing clones (Figure 4.2 1). However,-BBR analysis of four individual
experiments rewvealed no such regulation and this was not deemed to be significant after Benjamini
Hochberg analysis of-@alues.Although a slight increase i@yr6lexpression by WNT5A in the
absence of cytokines was found by gRIR in two experiments, including the sd@s sent for
microarray analysis, this did not reach significance (Figure 4.11 A) and no trend was found in the

other two experiments.

4.3.32Col10al

Similarly,Coll0alwas revealed to be significantly decreased-fbld by microarray analysis by
WNT5A Table 44). However, by gRPCR analysis, this regulation was only seen in one out of three
experiments, and intriguingly not in the samples that were also used for the microarray (Figure 4.11
B), suggesting that this was another fajsesitive. However(oll0alwas decreased by cytokine
stimulation, in contrast to the established increase seen in osteoarthritic cartflageder Mark

et al,, 1995 Girkontaite et al, 1999. However, in agreement with the cytokine effect confirmed

by QRIPCRCOLI0AK | & LINB @A 2dzaf e o6SSy aKzsy (2 68 RSO

in porcine chondrocyte micromass cultu&hlichtinget al, 2014.

4.3.33 Anxal(Annexin Al)

Microarray analysis revealefinxal which encodes annexin Aa lipocortin protein involved in
calcium and phospholipid bindif@amazg et al, 2007, was upregulated 1.5fold in response to
WNT5A stimulation in the absence of cytokines, however, this was not seen #3GR&nalysis of
three experimentsand was not deemed to be significant after Benjarioichberg analysis of-Q
values(Figue 4.11 A; Table 4). No direct link betwee\nxaland WNT5A has previously been
made. However, annexin Al is an important component in the induction of migration and invasion
in a number of cell types, including endothelial céliste et al, 2010, breast carcinoma cel{&ang

et al, 2012 and myoblast¢Bizzarrg et al, 2012, as is WNT5A, discussed in Chaptet Bas also
been shown to be important for the normal development of the mouse skull, wittkout mice

having a delay in the formation of the sagittal suture syséemd having a thicker, more mineralised
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frontal bone(Damazog et al, 2007). It wouldtherefore be interesting teeeif migration of ATDC5

cells is mediated by Annexin A1, for example, by silerem@lexpression

4.3.34 Matn3 (Matrilin 3)

Expression ofMatn3, which encodes the noeoollagenous ECM component matrilin 3, was
significantlydown-regulated 2.3old by WNT5A stimulation in the absence of cytokines, making it
the 39" most regulated probe in that comparispalthough it was not deemed significant based on
Q-values(Appendix Table S4.3gRFPCR analysis of three experimeriso revealed no such
changes in expression (Figure 4.11 B; Table Alo direct link has been made with WNT5A and
Matn3 expression. However, functionMatn3 knockout mice exhibit an enlarged hypertrophic
zone in the growth plate, with increases in type &llagen, indicating that matrilin -Bull
chondrocytes prematurely enter hypertrophic differentiatigman der Weydenet al, 200§. A
down-regulation d Matn3 seen by the microarray would therefore suggest entry into hypertrophic
RAFFSNBYGAFIGA2YyT Ay O2yaGNlrad G2 2bce¢p! Qa Sadl
However, a lack of increase in other hypertrophic markers by WNT5A stimjlatioh a€£ol10al

Runx2andDdr2 and a lack of regulation seen by gRTR, suggest this is not the case.

4.3.35 Variation in WNT5/kediated gene regulation between experiments

Interesting regulation by WNT5A was found in a number of candidate gerg® HRCR in an initial
experiment, however, as just described, these were not reproducible. This may highlight a potential
problem with using conditioned media from transiently transfecting cAlisiough care was taken

to ensure each transfection was ff@rmed under the same conditions, confirming the presence of
WNTS5A in each batch of conditioned medium via western blotting, batch to batch variation may

still occur, affecting expression levels, potency and activity.

In future, it may therefore be necesy to confirm activity of each batch of generated conditioned
media using a reporter assay. One such assay that is used in the literature is the Yabdig#ed

A Y KA 0 A-Gatedinfepen@ient WNT signalling via a TCF/Lef reporter, such as TO@kstsim,

et al, 201). An initial attempt was made using the TOPFlash reporter, how#vemesults were
inconclusive as no luminescence could be read for any condition, including a positive control using
rHWNT3A stimulation (data not shown). It is not kmowhether this was due to user error or lack

of optimisation of the protocol. Regardlesgepending on the receptor context, WNT5A may not

A Y K Adatgnindependent WNT signalling, but enhancéMiikels & Nusse, 2006Since WNT5A

is known to ativate other pathways, such as the INK/APathway, an AR reporter could also be

used to confirm WNT5A activity in conditioned media before stimulating experinfiest€at, 2003

Nishita et al, 2010.
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However, principle component analysis of microarray data did reveal separation of Vector Only and
WNT5Astimulated samples (Figure 4.6), indicating différgene expression patterns between the
conditions. Indeed, 308 and 525 probe sets were significan#y0(B5) regulated at least 1-fld

due to WNTS5A stimulation in the absence or presence of cytokinéde(9&) although these may

have been false pdtives as these were not deemed to be significant after Benjaklatihberg

analysis.

However, it has been reported that FRZB (also known as secreted FRet&dd Protein 3/SFRP3)

can bind to WNT5AYamada et al, 2013 and inhibit WNT5A signalling and WNT5Adiated
migration and invasion in a human malignant melanoma cel(Ekstrom et al, 2011). This thesis

has previously shown that insulinduced,ascorbic acigstimulated micromass cultures of ATDC5
cells, used in the WNT5A stimulation experiments, express high levElzlzdt the mRNA level
(Figure 310 B). However, other reports have shown WNT5A may inhibit the activity of FRZB, as
shown in mous cochlear extension, which is inhibited by incubation with FRZB and rescued with
WNT5A(Qian et al, 2007, suggesting that the antagonistic roles of WNT5A and FRZB on each

other may be context dependent.

4.3.4Cybkinemediated gene regulation by (fRCRn differentiated ATDC5
micromass cultures

In comparison to WNT5A, cytokines had a more dramatic effect, with microarray analysis revealing
significant regulation 020-30 fold more genesusing the less stringent¥alues(Table 42), and to

a much greater extent¥ppendixTableS4.5 and $4.6).

4.3.4.1Ror2

Cytokinestimulation revealed consistent and interesting resuBy. qRIPCR, &onsistent trend
towards downregulation was observed Ror2expressiorwith cytokine stimulationFigure 4.5 A)
This is an interesting and apparently novel finding. Of interest, an incre&@R&xpression was
seenin cellsdifferentiating along the osteogenic lineage in responsdLtm | AY KdzYl ¥y
(Sonomotq et al, 2019 or IL-6, of which family OSM is a member(Bichards, 2013along with
soluble IE6 receptor (sH6R)in human ADSBukwo, et al, 2014. In keeping with this, the ROR2
ligand, WNT5A, was also dowegulated by cytokine stimulation, revealing novel regulation,

discussed later.

4.3.4.2Col2al

Expression o€ol2alwas also decreased with cytokine stimulati@figure 4.5 B)Stimulation of
porcinechondrocytemicromasses with TNF (i 2 A y R dzO Slike2chaiigeLalstiviealell G A «
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down-regulation of COL2AXSchlichting et al, 2014. IL.mi Kl a Ff a2 oSSy NBL
COL2A®xpression in human OA chondrocy(@manBlas et al, 2007 Akhtar, et al, 201] and

bovine articular chondrocytes cultured on polyHEMA to preserve the differentiated phenotype,
discussed in Chapter (RomanBlas et al, 2007. Expression o€Col2alwas also decreased in a
mouse DMM model of OA six hours pasirgery by microarray analysigalidated by gRPCR
(Burleigh et al, 2012. This finding is therefore in line with other works reported in literature.
Interestingly, WNTA has previously been shown to enhancenlkmediated decrease itype Il

collagen in rabbit articular chondrocytéByu & Chun, 2006

4.3.4.3Runx2and Ddr2

Decreasesn Runx2and Ddr2 were also seen with cytokine stimulatiofrigure 4.5D-F). As
previously discussed in ChapteR3JNX2 and DDR2 are key players in hypertrophic differentiation,
both of which have been shown tmediateexpression of MMP18Xu et al, 2005 Boumah et al,

2009 Shimizy et al, 2010, a major collagemlegrading enzyme in osteoarthriti$éiowever,
OlU21AYS AGAYdAMIAKY 20 AERYCBER g% NIIRUNRIE B | & ¢
osteoblastic cells anduring osteogenesi€Gilbert, et d., 2002 Ding et al, 2009. Interestingly in
chd+ mice, a chondrodysplasia model that uses a frameshift mutati@vifilalalto model OA

like changesgLi,et al., 1999, expression of DDR2 mRNA and protein is increased compared {o wild
type mice(Xy, et al, 2003. DDR has also been found to be increased in cartilage from humans
with OA and in mice with surgicailyduced OAXuy et al, 20073. Culture of chondrocytes on type

Il collagerhas been reported to lead toBDR2mediated increase iMmpl3expression, but ndL-

1 transcripts could be detecte(Xu et al, 2005. Similarly,treatment of a human immortalised
chondrocyte cell linavith IL-1 receptor antagonist (HLRA)failed to inhibitthe DDR2mediated
increase iINMMP13 expression(Xu et al, 20073, indicating Ikl is not involved in MMP13
regulation by DDR2. The cytokinmeediated downregulation of Ddr2 in this present study is
therefore an intriguing and novel finding, and would therefore be interesting to see whether DDR2

protein is affeted in the same manner.

4.3.4.4 CCN Growth Factor Family

4.3.4.4.1Cyr61

Microarray and qRPCR analysis revealed a significant decrea&yyifilexpression by cytokine
stimulation in the presence of WNT5A, with a definite trend towards doggulation inthree out

of four experiments by cytokine stimulation in Vector Only conditioned medium byPgHRT
analysis. Similarly, a previous study has shown expressio@Y&6ldecreased in a human
OK2YRNRBO&(GS OStt tAyS o6& adAydz |l GMaiani éthall K ¢ |
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2005. However, in human osteoblasts and osteobldst cells, vaous cytokines, including-i X
Lc 2 h{a FYyR ¢bChx AYONBIl &SR SELNRRutzdeRal 1998F / .
Wu, et al, 2019. Cytokinemediated regulation o€yr61may therefore be cell/context dependent.

This decrease in expression may therefore potentially reveal novel regulatioByil in

chondrocytesby luh | yR h{a &ALISOAFAOIffE&®

4.34.4.2Ctgf

Ctgf which is increased in human osteoarthritic cartilage with worsening se\@itpoto, et al,

2004, was decreased by cytokine stimulati@asaf S @St & 2 F findube@ CTGYF Rave¢t D C
been shown to be decreased bymlh i G KS Ywb! Iy R-mLINB (S AlyK St S
level in human dermal fibroblas{Blowinskj et al, 201Q. Similarly, CTGECN2protein expression

Ad RSONEBIl aSRMI0o Ay NidysPypBsuskt§ via NF . & A Tyah, etfald y 3
2019 andi-mi A & | Y 2-negllatéiCT GRER@ession in human OA chondrocy(®asukq

et al., 2010. Interestingly, CTGF/CCN2 can also suppress the inductiomofégulated genes in
Nucleus Pulposus cells, suchPAiBAMTSandMMP3(Tran et al, 2014), indicating CTGF/CCN2 has
anti-catabolic properties. Nevertheless, the dowegulation ofCtgfin thisthesisis therefore in

line with previously published reports on cytokine signalling

4.3.4.4.3Wispl

Regardless of the presence or absence WA, cytokine stimulation of differentiated ATDC5
micromass cultures significantly dowegulated expression daVispl, as seen by both microarray
and gRTPCR analysis (Tablédy¥WISP1/CCN4 protein was found to beregulated in murine OA
knee joints akr collagenasénduced OA, as well as in the STR/Ort mouse model of spontaneous
OA and also in human OA cartilg@om et al, 2009. Interestingly, injection dVispladenovirus
into murine knee joints, which resulted in increased expressioAda#mts4and Adamts5in the
synovium in wiletype mice revealedno significant differences ihdamts4or AdamtsSexpression,
nor changes in cartilage destruction/nepitope formationin IL-m h kmLHjull mice compared to
wild-type, suggesting that the effects of WISBCN4in cartilagedestruction is not dependent on
the downstream effects of i 1 | 4 RBlom[et al, 2009. The reduction oWisplas a result

of cytokine stimulatiorin this thesids therefore an interesting finding.

4.3.4.4.4Wisp2

Similar toWispl, expression oWisp2also decreased with cytokine stimulation as seen by both
microarrayand qRTPCR analysis (Tabld)}Little is known about the involvement of WISP2/CCN5
and osteoarthritisin comparison to the other CCN membeadthough it has been shown at the

MRNA level to be preferentially detected in the synovium of RA patients a@upo OA patients

147



(Tanakaet al, 2009. However, shear stress at 0.82 Pa of human OA chondrocytes did reveal a 1.6
fold decrease iWISPZxpression by microarray analygi®e et al, 2009. However, in anouse

DMM model of OA, microarray analysévealed a significant upegulation ofwWisp2six hours post
surgery 4.6-fold asvalidated by qR-PCRBurleigh et al, 2012, and was also upegulated in a rat
medial meniscus tear model &62-fold 3-21 days possurgery by microarray analygi&/ei, et al,

2010. This decrease Wisp2by I-km P | Y R h { a in &i§ thegidgttheréfdre2ay interesting

and potentially novel finding.

4.34.5Lcn2(Lipocalin 2)

The most regulated gene by cytokine stimulation, regardless of the presence or absence of WNT5A,
was Lcn2 (Appendix Table 4.5 and $4.6), which encodes thedipokine lipocalin 2. Tis has
previously been showto be very stronglyup-regulated byll-mi A G A YdzZE F GA 2y AY
human chondrocytic cell linand in primary human chondrocytes at the mRNA and protein levels
(Conde et al, 201)). Lipocalin 2 is also expressed in osteoarthritic cartilage and has been shown to
form a complex with MMP9, protecting it from degradation, demtoating a possible mechanism

for lipocalin 2 to contribute to cartilage degradati@upta et al, 2007. It has also been suggested

to be a marker of latgohase/hypertrophic differentiation, increasing in expression in differentiating
ATDCS cells when cells switcHeain Col2alexpression taColl0alexpresion(Conde et al, 2011).

The increase ihcn2in this present study is therefore agreementwith previoudy published work

and highlights theelevance of tis model to osteoarthritignd osteoarthritic changes

4.34.6 Prg4(Proteoglycan 4/Lubricin)

Also amongst the most highly upgulated genes by cytokine stimulation regardless of the
presence or absence of WNT5A Wag4(Table 44; Appendix Table S4.54.8), which encodes the
superficial zone markeproteoglycan 4, more commonly known kricin. Lubricin has a well
defined role in protecting cartilage, as the name suggests, by providing lubrication to the joint
protecting the joint from damaggRhee et al, 2005 Jay et al, 2010. Interestingly, Ikm "
stimulation of primary rat mandibular condylar chondrocytes and cartilage explants from bovine
stifle joints have previously been shown to decrease expressidghrg#flubricin (Schmidi et al,

2008 Cheng et al, 2010, in contradiction to the results seen this thesisby microarray.A
decrease inPRGAubricin expression was also fourid a sheep model of early OA by lateral
meniscectomy(Young et al, 2009. The increaseof Prg4 observed in thisthesis by cytokine
stimulation may therefore esent novel regulation dPrgdby I-m h |y RHowe{eg, iir a bovine
articular cartilage explant injury model, levelsRRGAubricin increased following injuridones et

al., 2009, suggesting lubricin may act in response to cartilage damage to help progecattilage
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from further damageln agreement with this, mice overexpressifgg4under the control of the

Col2alpromoter are protected from the development of GRuan et al, 2013.

4.34.7WNT Pathway

Pathway analysis revealed strong dovagulation of theWNT5A pathway, regardless of the
presence or absence of WNT5A in the conditioned medable 4.5 Figure 4.12 This was
confirmed in one experiment at the protein level in batkll lysates and conditioned medium
(Figure 4.4). Not only wasNnt5aitself significantly dowsegulated, but a number of members in
the WNT5A signalling cascade were also doggulated, including its cognate recept®or2 and
many members of the frized receptors. This is in contrast to previously established regulation of
WNT5A with has been shown to be increased in responseoill & (i A YCarfetrak) 2021y

Sonomotg et al, 2012, revealing novel regulation of WNT5A by cytokine stimulation.

Intriguingly, strong dowamegulation of the canonical pathway was also observed by cytokine
stimulation, including a dowstegulation ofCtnnb16 Jcatenin) and TCF/LEFable4 5; Figure 4.1;

fold change data not shownsuggesting a total overall dowagulation of the WNT pathways.
Howeve it should be noted thatWnt5a, whichcan alsoactivate the canonical WNT pathway
depending on receptor context, was the only WNT ligand that was signlficeeqgulated by
cytokine stimulation (data not shownyince aberrant WNT signalling is often associated with
osteoarthritis, downrregulation of the WNT pathways may suggest an attempt at protecting against

damage, in agreement with the very strong-tggyuation of Prg4also seen.

4.3.4.8 Focal Adhesion Pathway

Pathway analysis revealed strong regulation of the focal adhesion pathway due to cytokine
stimulation of ATDC5 micromass cultures. Several members of this pathway wereaulated,
including geneshat encode for ROCK, JNK and ERK1Haslteen shown in adherent fibroblasts
that focal adhesions are enriched with-dlreceptorsrequired for IE1 signallingQwarnstrom et

al., 1988 Dower, et al, 1990, as well as in chondrocytésug et al, 1997, whichcan mediate
ROCK, JNK and ERK signafivigng et al, 2011 Rafferty, et al, 2012. Downregulation ofa
number of these genes may therefore represent a negative feedback loop to protect the cell from
the potential harmful effects of the cytokines, as also seen by the large increaBegdnas

previously discussed.

4.3.5 Similarities with an OA model miarcay

In addition to the similarities in expression @bl2aland Adamts4 previously discussed, the

microarray analysis revealed a number of other genes with similar expression patterns to a
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microarray analysis conducted on a DMM moaeDA, six hours posurgery. Expression &aa3
(serum amyloid a3)I6, Ccl7(chemokine (€& motif) ligand 7andMmp3were amongst the top 15
most highly upregulated genes this thesidollowing cytokine stimulation both in the presence or
absence of WNT5A (AppendidlaS4.5, S4.@ndwere also amongst the most highly-oegulated

six hours post DMM surger{Burleigh et al, 2019. These genes, amongst others, were not
significantly regulated four weeks pestirgery in the DMM modéBurleigh et al, 2019. Together,
these similarities further suggest ckioe-stimulated ATDC5 micromass cultures may be a good
alternative model of experimental osteoarthritisThis enabks investigation into the gene
regulation changes and signalling everits a model resembling cartilage changes aarly
osteoarthritis whictotherwise may not be possible from cartilage obtained from patients with end

stage OA undergoing joint replacement surgery.

4.4Summary

Several genes were found to be regulated by WNT5A in differentiated ATDC5 micouihaes
by microarray analysis, vealing potentially novel pathways stimulated by WNT5A, inclulimal
(annexin al)which has been associated with increased migration and invasion in a number of cells,
which WNT5A has also been attributed owever,of three genes chosen for validati by gRT

PCRno such regulation by WNT5A was revealed, indicating these may have been false positives.

Variationin WNT5Amediated signalling seen by ¢iRCRbetween experimentsevealed possible
batch to batch variation in the potency and activity of W in conditioned media from transiently
transfected ATDCRts, highlighting the need for a more consistent approach by testing the activity

of WNT5A via various reporter assays, or using a commercially available active source.

Finally, gtokine stimulaion, which very strongly regulated several genesgaled interesting and
novel results, downegulating the WNT5A pathwaegardless of the presence absence of
WNT5A in the conditioned med&s well as several CCN family membadsling to the previosly

established link between the cytokind/NT signallingnd CCN signallirgathways in some novel

ways.
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Chapter 5

Investigating ATDC5 migration and invasion and the potential
modulation by cytokine and WNT signalling
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5.1 Introduction

5.1.1 Migration and invasion in cartilage and chondrogenesis

One of the initial stages of chondrogenesis during the development of cartilage is the nmgrhtio
chondroprogenitor cells from the developing paraxial mesoderm, lateral plate mesoderm or cranial
neural crest via cellular condensation to form aggregates of chondroprogenitor cells, directed by
cellcell and celmatrix interactions to form the axialimb and craniofacial skeletons respectively
(Olsen et al, 2000. One such matrix component, fibronectin, is enrichedéllular aggregates
during chondrogenesipessauet al, 198Q Gehris et al, 1997 and has previouslgeen shown to
increase cellular condensation during chondrogenesis via peanut agglutinin (PNA) staining by

plating micromass cultures on top of(White, et al, 2003.

Chondroprogenitor cells are characterised by their enhanced ability to adhere to fibronectin
compared to differentiated chondrocyte®owthwaite et al., 2004 Williams et al, 2010. It is
therefore apparent that fibronectin plays an important role in the adhesion and migration of
chondroprogenitor cells. Furthermore, chondroprogenitor céllgartilage have previously been
shown to be migratory. This migratory ability can be modulated in response to both cartilage

damage and cytokine stimulatiqeo] et al, 2012 Joos et al, 2013.

5.1.2 WNT5A and migration/invasion

WNT5A has been known to modulate migration and invasion in numerous cell types and tissues,
both positively and negatively. Foxample, overexpression of WNT5A in various pancreatic cancer
cell lines have been shown to enhance migration in 2Dngduwealing scratch assa{Bo, et al,

2013 Wej, et al, 2013, whereas overexpression of WNT5A in a hepatocarcinoma cell line has been
shown to decrease migratioiiBi, et al, 2014. WNT5A has also been shown to act as a
chemoattractant to primary human neutrophiidung et al, 2013 and as a haptotactic agent in the
devdoping palate(He, et al, 2008. Furthermore, WNT5A stimulation promoted invasion of the
typically noninvasive breast carcinoma cell line, MCEPukrop et al, 2009, whereas WNT5A
overexpression in the highly invasive mouse breast carcinoma cell line, 4T1, inhibited migration in
a transwell assay and inhibited lungvasion and colonisatiofJiang et al, 2013. The role of

WNT5A on migration and invasion may therefore be contiegendent.

5.1.3 Aims
Since  WNTBHA is express in osteoarthritic cartilage(Nakamura et al, 2009, and
chondroprogenitor cells have been shown to migrate to sites of cartilage dafBagget al, 2012,

it was hypothesised that WNT5A may modulate chondroprogenitor cell migration and invasion.
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To test this, noAnduced ATDCS cells were used as a model for chondroprogenitor cells. Migration
of non-induced ATDCS cells was investigated using a range of biologically relevant substrates, as
well as tissue culturgreated plastic (hereafter simply referred to as plastic) in combination with

0.2 % FCS, which also contains fibronegisyman & Ruoslahti, 19Y9

Potential chemokinetic and chemoattractive abilities of W& wasalso investigated in both
physiological and pathophysiological settings by the use of the inflammatory cytokines, ILI y R
OSM. This was investigated both in 2D random migration, where cytokines were used in
conjunction with WNT5A to stimulate the mignag cells directly, as well as 3D invasion into
differentiated micromasses, where cytokines were used to initiate potential breakdown of the
matrix before the invasion of neimduced cells took place towards a WNT5A gradient. In some
experiments, WNT3A waalso used to investigate the difference between the impact of-non

canonical and canonical WNT signalling.
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5.2 Results

5.2.1 Norinduced ATDCS5 cells adhere better to fibronectin than to type Il collagen

The ability for norinduced ATDCS5 cells to adhem fibronectin or type Il collagen at various
concentrations was investigated following 60 min of adhesfmthesion was calculated based on
the absorbance of staining with methylene blue, which was proportional to the number of adhered
cells after noradhered cells were washed off (for more detailed information on the adhesion assay,

please see section 2.7).

After plating for 60 min, significantly more namduced ATDC5 cells adhered to fibronectin
compared to type Il collagen above 2 pg/ml (Figure Rdlhesion did not occur at concentrations

of 0.4 pg/ml or below on either substrate. Dose response curves were evident, with increased
adhesion as a result of increasing concentration of substrate used. Maximal adhesion to fibronectin
occurred at lower cocentrations than to type Il collagen, with adhesion to fibronectin plateauing
around 10 pg/ml compared to 50 pg/ml to type Il collagen (Figure 5.1). Based on these results,

future experiments were conducted using 10 pg/ml fibronectin and 50 pg/ml typsldigen.
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Figure 5.1¢ Adhesion of norinduced ATDC5 cells to Fibronectin and Type Il Collager
different concentrations Non-induced ATDCS cells were allowed to adhere to either fibrone
or type Il collagen for 60 min and naadhered cells were washed off. Results expressec
average aborbance at OD 630 nm of methylene blue staining, normalised to adhesion to
Significance tested by ANOVA + Dunnett gaxt test compared to 0.08 pg/ml substrate. N=
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5.2.2 Type Il Collagen substrate impedesindnced ATDC5 random migration

To investigate the ability for nemduced ATDCS5 cells to randomly migrate, til@ese microscopy

was used to observe and measure the speed of migration on plasticnéttia and on type Il
collagen in the presence of 0.2 % FOS8s was calculated based on the tracking of 20 individual
cells per condition, frame by frame, on different matrix substrates over 17 hours, with images taken

every 10 min. For more detailed ormation, please see section 2.8.

Noninduced ATDCS5 cells migrated more slowly on type Il collagen than on plastic or fibronectin
(Figure 5.2). This result was seen consistently across three experiments comparing plastic to type |l
collagen and in three duof four experiments comparing fibronectin to type Il collagen. The
comparison between plastic and fibronectin was only made once as results were not significantly
different. Additionally, the use of 0.2 % FCS provided a fibroneotitaining matrix. Togther,

these data suggest that type Il collagen impedes randomdintensional migration in neinduced

cells.
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Figure 5.2¢ Non-induced ATDC5 random migratioNortinduced ATDCS5 cells were pldten
either plastic, 10 pg/ml fibronectin or 50 pug/ml type Il collagen, all in the presence of 0.2 ¢
for 17 hours. Data expressed as average cell speed over 17 hours, tracking 20 cells
quadruplicate wells. Plastic to fibronectin comparison perfed once. Type Il Collagen f
plastic or fibronectin comparisons performed three and four times respectively.

* = gignificant compared to Plastic
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5.2.3 Differentiated ATDCS5 cells are less migratory than undifferentiated cells

Cells isolated using trypsin from instiimduced ATDCS celtsiltured in micromass and stimulated

with ascorbic acid were allowed to randomly migrate over 17 hours on plastic or on type Il collagen
in media containing 0.2 % FCS. MNaduced cells which had been maintained in their
undifferentiated state were usedsaa comparisoras described previouslyror more detailed

information, please see section 2.8.

ATDCS cells isolated froimducedmicromass cultures were significantly slower than +iaduced

cells on plastic. No significant reduction in speed was seamarout of three experiments when
micromasssolated cells were plated on type Il collagen compared to-indnced cells. Non
induced cells were also significantly slower when migrating on type Il collagen compared to plastic.
Removal of insulin and asdnc acid from differentiated cells had no effect on the average speed
(Figure 5.3 A).

At the end of the migration assay, 21 hours after isolating cells from differentiated micromass
cultures, cells had retained their differentiated status, as noted byifgigntly higher levels of
Col2alcompared to undifferentiated cells. Interestingly, micromassdated cells which were kept

in differentiating medium (insulin and ascorbic acid) had lower expressi@Qoi@alcompared to

cells which had insulin and asba acid removed (Figure 5.3 B). However, this chan@oifal
expression was only seen once in cells plated on plastic, compared to consistently across three

experiments when plated on type Il collagen.

On plastic, nofinduced cells were flat and sprettttoughout the timecourse (Figure 5.4-B). Cells
isolated from micromass cultures began with a slightly more round, less spread morphology, which
became flatter and more spread with time (Figure 5:B)COn type Il collagen, most cells from all
conditions started with a round, unspread morphology, with those coming fronzindaced cells
exhibiting slightly more spread cells (Figure 5.5 A, C, E). With time on type Il collagen, some cells

from all conditions became flatter and more spread (Figure 503, B).

These results indicate that differentiated ATDC5 cells are less migratory thaimdwaed,

undifferentiated cells.
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